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The shallow coastal zone along the inner continental shelf is an extremely 
dynamic region where the fluid motions are associated with both surface waves and 
currents. The effects of these motions extend down to the sea floor and interact with 
bottom sediments with consequent formation of bed forms. Regular waves over fine 
sediment beds are known to generate two-dimensional sharp crested ripples whose 
crests are aligned parallel to the crests of the waves. In this study the ripples are 
represented by artificial roughness element, which is triangular bars with a 90° edge 
and vertex height of 1.5 cm. The overall objective of this study is to investigate the 
bed roughness and shear velocity of the current flow over fixed artificial beds as a 
preliminary step to obtain the base-line data necessary before going to the cases of 
combined wave-current flows when the waves and currents are not co-directional.  
The flume experiments consisted of a steady current flow over  (a) smooth 
glass bed, (b) a bed with gravel having diameters ranging from 3 mm to 6 mm, (c) a 
bed with triangular bars aligned perpendicular to the flow at regular crest to crest 
spacing of 10 cm, (d) a bed with triangular bars aligned perpendicular to the flow at 
regular crest to crest spacing of 10 cm with gravel placed between them, (e) a bed 
with triangular bars aligned parallel to the flow at regular crest to crest spacing of 10 
cm  and (f) a bed with triangular bars aligned parallel to the flow at regular crest to 
crest spacing of 10 cm with gravel placed between them. The basin experiments 
consisted of (a) preliminary experiments for flow over flat concrete bed in the 
presence of guide plates, (b) flow over artificial roughness consisting of triangular 
bars aligned at angle of 300 to the incident flow with the guide plates place and (c) 
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flow over triangular bars aligned at angle of 300 to the incident flow without guide 
plates. 
A number of experiments and numerical models on estimating the bed roughness 
(e.g. Drake et.al [1992], Barrantes and Madsen [2000], Andersen and Faraci [2003], 
and Faraci et.al. [2008]) showed some evidences of directional dependence of the 
bed roughness. However, experimental results by Kularatne [2001] and field 
measurements by Styles and Glenn [2002] show that there is no directional 
dependence on the bed roughness for combined wave and currents. Resolving these 
apparent contradicting results provided the motivation for this study.   
The results for the basin experiments show that the velocity vector turns from 
near-parallel to the ripples to the main flow direction as the distance above the 
bottom increases. Resolving the near-bottom velocity vectors into components 
normal and parallel to the ripples, the resulting velocity profiles are analyzed using 
the log-profile method. The roughness determined from the normal velocity is in 
agreement with results obtained in a glass flume in the Hydraulic Laboratory for 
flow normal to the same bottom roughness configuration as well as with the findings 
of Mathisen & Madsen (1996) and Barrantes & Madsen (2000). Thus, the conclusion 
of the present study is that bottom roughness is directional dependent for currents 
over 2D bottom roughness features. The results further provide a recommendation 
for the region within the wave basin where reasonable uniformity in terms of bed 
roughness, shear velocity and flow direction is expected, which is within the area of 
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Waves in the presence of a current have significant influences on the transport 
of sediment in the coastal zone even before the waves break near the shore. Waves 
are known to entrain the sediment from the seabed for the currents to carry over large 
distances. Before the breaker zone, waves shoal and refract towards the shore in 
response to the changing water depth. In the coastal environment, it has been 
observed that waves propagate towards the shore with angles of attack less than 450.  
Further, tidal and longshore currents run parallel to the shore and we have wave 
current interactions with angles of attack varying from 00 (orthogonal) to around 450. 
Therefore, one can expect that waves and currents interact at various angles and there 
is limited information in the literature for such interaction angles.  
Below the waves, there exists a very thin layer adjacent to the bottom where 
high velocity gradients are present. This wave bottom boundary layer has limited 
time to grow because of the oscillatory nature of wave orbital velocity. Large bottom 
shear stresses and high levels of turbulence intensities can be expected within the 
wave boundary layer due to the high shear stresses existing within the very thin 
boundary layer.   
Under an oscillatory wave travelling over a sediment bed, there is a complex 
interaction between the wave motions and the sediment, which leads to the formation 
of small sediment bed features called ripples. The ripples in turn affect the flow by 
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inducing form drag due to the effect of flow separation over the ripples. Regular 
waves over fine sediment beds are known to generate two-dimensional sharp crested 
ripples whose crests are aligned parallel to the crests of the waves.  
However, a tidal current that varies over a much longer period of the order 
many hours has somewhat different characteristics. The longer timescales of a slowly 
varying current typically leads to a relatively thick bottom boundary layer 
(Mathiesen and Madsen, 1996). Currents are also capable of generating bed forms 
but the higher shear stresses existing in the wave boundary layers dictate that waves 
are the primary agent for the entrainment of the sediments and currents are 
responsible for the transport of the entrained sediments. These are movable bed 
forms arising from wave current interactions. 
Under a controlled environment with artificial roughness elements in a 
laboratory flume, Mathisen & Madsen (1996a,1996b) showed experimentally that a 
single roughness can be used to characterize the passage of pure currents, pure waves 
and combined waves and currents over the two dimensional roughness elements.  In 
all these experiments, the two dimensional roughness elements were aligned 
perpendicular to the flow. 
Barrantes and Madsen (2000) also conducted experiments involving a steady 
current (no wave) in the laboratory flume where the rippled bottom is simulated by 
roughness elements aligned at various angles (00, 300, 450 and 600) to the flow. They 
concluded that “waves and currents over a rippled bed bottom will not experience the 
same equivalent bottom roughness when the current is at an angle to the direction of 
wave propagation” and that “the singled valued bottom roughness for combined 
wave-current flows over a rippled bottom demonstrated by Mathisen & Madsen 
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(1996b) is limited to the special case of co-directional waves and currents”.  It is 
noted that the experiments described by Mathisen & Madsen (1996a, 1996b) and 
Barrantes & Madsen (2000) were conducted in the same flume with a length of 28 m, 
a width of 0.76 m and a depth of 0.9 m.   
The conclusions of Barrantes & Madsen (2000) on the “direction dependent 
bottom roughness” based on experiments in a flume with a flow having a width to 
depth ratio of 1.27 have provided the primary motivation for this study. This study 
would be primarily for current flow and also account for the effect of the flume width 
by conducting experiments involving various roughness elements in (a) a flume of 
length 12m, width 0.6m with a water depth of 0.4m (width to depth ratio of 1.5)  as 
well as (b) in a wave basin with a wider current stream of 2m over a length of 6m in 
a water depth of 0.4m (approximate width to depth ratio of 5). 
 
1.2. Objectives 
The overall objective of this study is to investigate the bed roughness and shear 
velocity of the current flow over fixed artificial beds as a preliminary step to obtain 
the base-line data necessary before going to the cases of combined wave-current 
flows when the waves and currents are not co-directional. The experiments were 
performed in the Hydraulics Laboratory, Civil Engineering Department, National 
University of Singapore, using a 33 m x 10 m x 0.9 m wave basin and a 12 m x 0.6 m 
x 0.6 m glass flume. From the results of this experimental study, the roughness factor 
for different directional interaction of currents with artificial roughness are 
summarized and compared with earlier results of Mathisen & Madsen (1996a) 
Barrantes and Madsen (2000). 
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More specifically the objectives of the study are: 
a. To perform experiments of a current flow in a glass flume for different 
arrangements of artificial bed roughness represented by (i) gravel laid evenly on 
the glass bed (ii) fixed triangular bars placed perpendicular to the incident flow 
and (iii) fixed triangular bars placed parallel to the incident flow. 
b. To perform experiments of a current flow over equally spaced fixed triangular 
bars placed at angle of 30° to the incident flow in the wave basin. 
c. To investigate effects of the wave-guide plates on the flow over the bed in (b). 
d. To investigate the directional interaction of currents with artificial roughness as 
mentioned by Barrantes & Madsen (2000). 
 
1.3. Outline of the Thesis 
 A general background of the research and purposes of this work will be 
presented in chapter 1. Variability of field conditions makes it difficult to conduct a 
systematic investigation (methodology) on the interaction of currents and bedforms. 
Hence, laboratory experiments are necessary for some simplifications of coastal 
environment. The objective of this study is to investigate the bed roughness of the 
current flow over fixed artificial bed and as a preliminary step to obtain the "base-
line data" necessary before going to the cases of combined wave-current flows when 
the waves and currents are no longer co-directional. 
 Chapter 2 contains reviews of previous studies on bed roughness due to current 
flow over a rough bed. Special attention is given to studies by Mathisen and Madsen 
(1996a and 1996b) and Barrantes & Madsen (2000) which are mainly focused on 
investigating bottom roughness experienced by currents over a fixed rippled bed in 
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the presence and/or absence of waves. Other important references are Grant and 
Madsen (1979 and 1986), Madsen (1993), Grant et al. (1992), and Faraci et al. 
(2008). The classic logarithmic law, applied to predict roughness and shear velocity, 
will be discussed in this chapter. In addition, the choice of the channel bed for the 
theoretical bed for a smooth turbulent flow is obvious. However, for a rough 
turbulent flow, the actual position of theoretical bed is not obvious. The discussion of 
choice of the theoretical bed is covered in chapter 2. 
 Chapter 3 provides details of experimental preparation, instrumentation, and 
experimental procedures. Experiments were performed in a flume 12 m long, 60 cm 
wide and 60 cm depth as well as in a basin 33m wide x 10m long x 0.9m deep. 
Artificial roughness elements consisted of aluminum triangular bars with a 90° edge 
and a vertex height of 1.5 cm. Fairly uniform gravel of 3-6 mm diameter were also 
used for form a uniform rough bed. Details of the instrumentation including the 
Vectrino ADV for velocity measurements, experimental procedures, and locations of 
velocity measurements are covered in this chapter.  
 Chapter 4 contains the results and discussions of the velocity profile 
measurements for all experimental cases in the flume and basin. The flume 
experiments consisted of a steady current flow over (a) smooth glass bed, (b) a bed 
with gravel having diameters ranging from 3 mm to 6 mm, (c)a bed with triangular 
bars aligned perpendicular to the flow at regular crest to crest spacing of 10 cm, (d) a 
bed with triangular bars aligned perpendicular to the flow at regular crest to crest 
spacing of 10 cm with gravel placed between them, (e) a bed with triangular bars 
aligned parallel to the flow at regular crest to crest spacing of 10 cm  and (f) a bed 
with triangular bars aligned parallel to the flow at regular crest to crest spacing of 10 
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cm with gravel placed between them. The basin experiments consisted of (a) 
preliminary experiments for flow over flat concrete bed in the presence of guide 
plates, (b) flow over artificial roughness consisting of triangular bars aligned at angle 
of 300 to the incident flow with the guide plates place, and (c) flow over triangular 
bars aligned at angle of 300 to the incident flow without guide plates.   
The time averaged velocity profiles were fitted with the logarithmic law to give 
estimates of the bed roughness and shear velocity experienced by the current flow 
over roughness elements. The equivalent Nikuradse sand roughness is used to 
characterize the physical roughness. For the basin experiments, the near-bottom 
velocity vectors were resolved into components normal and parallel to the ripples. 
The resulting velocity profiles resolved into their respective components were again 
analyzed using the log-profile method and compared with results obtained in the 
glass flume. Further, comparisons between these experimental results and those 
reported by Mathisen & Madsen (1996) and Barrantes & Madsen (2000) are 
discussed in chapter 4. The direction of the flow over triangular bars aligned at angle 
of 300 to the incident flow in the basin experiments and the effects of utilizing guide 
plates are also discussed in this chapter. 
 The findings and conclusions are summarized in chapter 5. Further 
recommendations for further studies on the directional effects of the roughnesses also 
presented in this chapter. 
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CHAPTER 2 
BED RESISTANCE IN UNIFORM FLOW 
 
This chapter covers a review of the literature on rough turbulent boundary layer 
flows, including flows over rows of artificial roughness elements, for different angles 
of approach. These experiments may yield valuable information on flow resistance in 
combined wave current flows over a rough bed where the waves are no longer co-
directional with the current. 
 
2.1. The Turbulent Boundary Layer 
Consider the approach of a turbulent uniform flow over a flat surface of 
uniform roughness. The frictional forces due to the rough bed retard the motion of 
the thin layer of fluid adjacent to the bottom. As one proceeds downstream, more and 
more layers of the fluid get retarded mainly through turbulent exchanges of 
momentum such that at any location x downstream from the leading edge, the 
velocity at some elevation ( )xδ  from the bed decreases from the uniform free stream 
velocity to zero at the bed. The layer in this circumstance is called the boundary 
layer. As can be seen in Figure 2.1, the boundary layer is developing along the flow 













Figure 2.1  Sketch of boundary layer on a flat plate in parallel flow at zero 
incidence (Schlichting, 1979) 
 
It is clear that within the boundary layer large velocity gradients exist whereas 
outside boundary layer the velocity gradient is very small or negligible. This physical 
picture suggests that the field of flow may be divided into two regions: the thin 
boundary layer near the wall where velocity gradients are significant and the region 
outside the boundary layer, where the shearing resistances between fluid layers may 
be neglected and where, the ideal fluid theory offers a good approximation. 
For the two dimensional horizontal flow in the xz-plane, where x is the 
horizontal coordinate usually chosen to be the direction of flow and z is the vertical 









∂ τρ δ   (2.1) 
in which ρ is the fluid density (ρ ≈ 1,025 kg/m3 for seawater), δp   is the pressure at 
the outer edge of the boundary layer symbolically taken at  z = δ, τ is the shear stress, 
and t is time. To solve Eq. 2.1, it is necessary to have a model relating to the shear 












∂+= ννρτ  (2.2) 
where ρν  and tρν  are the molecular and turbulent viscosities respectively. The 
molecular viscosity is a property of the fluid and is temperature dependent whilst the 
turbulent viscosity is a property of the flow and is not readily determined. In 










Figure 2.2. Sketch of turbulent boundary layer mean velocity profile 
 
L. Prandtl developed the hypothesis of mixing length in 1925. The hypothesis 
made use of the assumption that the flow is parallel to the boundary as can be seen in 
Figure 2.2 so that the x, y and z components of the velocity are  u = u(z), v = 0 and w 
= 0. The average vertical velocity everywhere is zero since the average flow must be 
parallel to the boundary. However, the vertical component of the turbulent 





Consider two adjacent slices of an incompressible fluid of thickness l’ with the 
lower slice moving at  U1 and the upper slice moving at U2  (Figure 2.3). The rate of 
upward mass transfer per unit horizontal area (w+’) must be equal the rate of 
downward mass transfer per unit horizontal area (w_’) since there can be no net 
transport of fluid between two layers since the average vertical velocity is zero.  
The mass of fluid arriving at the upper layer will experience an increase in its 
velocity by ( ) 'l)z/u(uu 12 ∂∂≈− . The increase in the x-momentum of this mass of 
fluid is )/('' zulw ∂∂+ρ . The rate of change of momentum is equal to a force stated by 
Newton’s second law. Thus, the upward transfer of a low velocity fluid from the 
lower layer is equivalent to a force per unit horizontal area, i.e. shear stress, acting on 












Figure 2.3. Conceptualization of mixing and momentum transfer (shear stresses) in 

















∂= + ''ρτ  (2.3) 
If it is assumed further that the scales of the vertical and horizontal velocity 
fluctuations are comparable such that the horizontal velocity fluctuations are scaled 
by the difference in the velocities between the two layers, i.e. z/u' ∂∂l , then Eq. 








∂= 2'ρτ  (2.4) 
Near the bed, the bottom shear stress is τb ≈ τ. Therefore, the Eq. 2.4 can be 









τ  (2.5) 





where *u  is the shear velocity. 
 
The mixing length l’ needs to be defined to complete the physical description 
of turbulent shear stress model given by Eq. 2.3. In addition, the law of the wall is 
only valid in the near bottom location. It is expected that as z → 0 then l’ → 0. Thus, 
in the immediate vicinity to the bottom, the l’ is assumed to be proportional to z. i.e.  
l’ = κz in which κ is Von Karman’s constant.  Comparing Eq. 2.2 with Eq. 2.3, 
zu''w *t κν == + l  (2.7) 
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2.2. Current Boundary Layer 
Current can be considered as a steady flow for which 0t/ =∂∂  under a constant 
pressure gradient and the integration of Eq. 2.1. gives 
cc zx
p τττ δ ≈∂
∂+=  (2.8) 
when z is sufficiently small, i.e. in the immediate vicinity of the bottom (law of the 
wall). 






where τc is shear stress due to the current and u*c is the shear velocity due to the 
current in which ρτ /* ccu = . A classic logarithmic velocity profile is obtained 




zuu κ=  (2.10) 
It is recognized that z0 is defined as the value of z at which the velocity is estimated 
to be zero from the logarithmic profile. For flow over a flat solid surface, the 
definition of z0 could be interpreted as the location of the no slip boundary condition. 
Early experiments with clear water showed that the von Karman’s constant 
takes on a universal value of 0.4 (Schlichting, 1979).  For a smooth bottom, the 
location with the no-slip condition is obviously at z = 0. However, there exists a thin 
viscous sublayer adjacent to the bed for which the effects of molecular viscosity are 
dominant. 
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 For a rough turbulent flow, the viscous sublayer is broken up when the 
roughness elements get exposed and there is the potential problem of defining the 
actual bed of the flow. Therefore, the logarithmic profile by Eq. 2.10 represents an 
extrapolation from some distance above the bed towards the surface. Hence, the 
estimation of a no-slip condition at z = z0 has no physical significance.  
The values of z0 for the two regimes of flow as reported by Nikuradse (1933) 
are given as 
300
nkz =  for fully rough turbulent  (2.11) 
*
0 9u
z ν=  for smooth turbulent flow (2.12) 
where kn is the equivalent Nikuradse sand grain roughness. The experiments reported 
the use of uniform sand grain glued to the wall of the smooth pipes. The following 
equations define the region of flow (Sleath 1984): 
70* >ν
uks   for rough turbulent              (2.13) 
705 * << ν
uks  for transition region (2.14) 
5* <ν
uks  for smooth turbulent (2.15) 
where ks is the Nikuradse roughness length and *u  is shear velocity. Although there 
is a transition region between smooth and rough region, we neglect this transition for 
the sake of simplicity and adopt the smooth and rough regions as expressed by 
Madsen (1993): 
3.3* ≥ν
ukn   for rough turbulent (2.16) 
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3.3* ≤ν
ukn   for smooth turbulent (2.17) 
The value of kn for turbulent flow over a plane bed consisting of 3D granular 
roughness material is taken as the diameter of grains composing the bed. The value 
of kn =30 z0 is referred to as the Nikuradse equivalent sand grain roughness for the 
flow. For a distributed rippled bed with z0 obtained from the intercept by 
extrapolation of semi-logarithmic velocity profile, the equivalent Nikuradse sand 
grain roughness could be thought of as the diameter of uniform sand-grains that 
would provide the same bed shear stress as the actual bed roughness configuration.  







u −= κ         (2.18) 
where d’ is referred to as the displacement height. Typically, the unknowns are 
0* ,', zdu  and they have to be found from the velocity measurements at a few 
elevations. The displacement height, d’, is often taken as zero and 0* z,u  are 
determined often with much scatter for the values of 0z .  Jackson (1981) proposed 
that d’ = 0.7 times the roughness height (h) gives a good estimate for the 
displacement height.  In this study, for the experiments without gravels, the bottom 
was chosen as the origin of the z axis whereas when the gravels were present, the 
location of z = 0 was taken at d’/h = 0.7 above the bed, i.e. the origin of the z axis is 
0.3h below the average surface elevation of the granular roughness material.  
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2.3. Wave Current Boundary Layer 
The shallow coastal zone along the inner continental shelf is an extremely 
dynamic region where the fluid motions are associated with both surface waves and 
currents. The effects of these motions extend down to the sea floor and interact with 
bottom sediments (Grant and Madsen, 1979) with consequent formation of bedforms.  
In their studies on bottom roughnesses, Mathisen and Madsen (1996) have 
performed experiments involving waves in the presence and absence of current in the 
same direction. The objectives were to validate the theoretical models that have been 
developed for turbulent boundary layer associated with wave and current flows over 
a rough bottom. The basic assumption that had been used in all theoretical models 
was that the bed roughness was characterized by a single roughness length scale (kn). 
Their experiments were performed in a 28 m x 0.9 m x 0.76 m hydraulic flume. 
Waves were generated by a piston programmable wave maker, whereas the current 
was created by recirculating water with a 1200 gpm pump. An absorber beach was 
provided at the end of the channel. The flow rate was controlled by gate valve to 
produce an average velocity of 16 cm/s at a water depth of 60 cm. Triangular bars of 
1.5 cm in height, were placed across the channel as an artificial bed form with two 
different spacing - 10 cm and 20 cm spacing. Velocity profiles at various locations 
across the flume were gathered using an electromagnetic current meter (ECM) to 
ensure the uniformity of the current. Near the bottom, the velocity was measured 
utilizing a low powered one-axis laser Doppler anemometer. 
The experiments covered pure currents, pure waves, and waves in the presence 
of a current. The roughness under pure current flow was estimated by analyzing the 





zuu cκ=  (2.19) 
where u*c is the shear velocity due to the current, z is the elevation above theoretical 
bed, z0 is the hydraulic roughness of the bed. The von Karman constant is taken as 
0.4.  The bed roughness for the current flow (kc) was taken as 30z0.   
 Roughness experienced by the pure wave was found from wave attenuation 
measurements and conductivity-type wave gauges were used for this purpose. The 
surface displacement record obtained from the wave gauges were then converted to 
frequency records of amplitudes and phases using a fast Fourier Transform. Wave 
amplitude results were used to obtain the total wave attenuation. 
The bed roughness experienced by pure current, pure wave and combined 
wave-current boundary layer flow indicated that the roughness condition for all three 
cases could be characterized by a single roughness contingent on codirectional 
waves-currents flow with the values obtained with the GM model. These findings 
form the basis for further research with wave current interaction at different angles. 
Experiments with a steady current flow over a simulated rippled bed by 
measuring three components of velocity were performed by Barrantes and Madsen 
(2000). The experiments were conducted in the same flume used by Mathisen & 
Madsen. The glass bottom of the flume was covered by artificial roughness elements, 
represented by triangular bars with a 90° edge and vertex height of 1.5 cm.  The bars 
were placed along the bed at 10 cm interval between crests. The spacing and the 
height of the bars were chosen to obtain the same bed roughness characteristics as 
investigated by Madsen and Rosengaus (1989) over a movable sediment bed. There 
were four variations of incident angles between the flow and the direction 
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perpendicular to the axis of the bars. The incident angles were 0° (bars aligned 
perpendicular to the flow direction), 30°, 45° and 60°. The experiments were 
performed with and without glass beads of 0.64 cm diameter covering the spaces 
between ripples.  
A Sontek Acoustic Doppler Velocimeter was deployed to measure the three 
components of velocity profiles as well as a four beam Laser Doppler Velocimeter 
for the two horizontal velocity components. The results of LDV measurements were 
then compared to ADV results measurements since the ADV sampling volume was 
larger than LDV sampling volume. Vertical velocity profiles were performed at the 
center line of the flume with 1 cm intervals between two crests region. In order to 
investigate the lateral flow of the flume, measurements were repeated at 1/8 of the 
flume width on either side of the centerline. 
The results indicated that the direction of the velocity was dependent upon the 
elevation. Moving from near the bottom towards the surface, the velocity vector 
rotated from being directed in alignment with the flow according the ripple axis to 
the main direction of the flow. The lateral flow clearly showed that the flow was 
obliquely incident to the ripples. In this finite width flume, the lateral flow near the 
bottom was balanced by the opposite return flow at the location near the top. 
Between the ripple crests, the near-bottom velocities seemed to follow the 
logarithmic profile. It was shown that the bed roughness obtained by fitting the 
logarithmic plot strongly depended on the angle of incidence. In contrast, the 
analysis of bottom roughness based on the velocity components perpendicular to the 
ripple axis showed that it was independent to the angle of incidence.  
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An experimental study of orthogonal wave-current flows over a movable bed 
was performed by Kularatne (2001). The main objective of the experiments was to 
estimate the bed roughness experienced by a current in the presence of waves 
incident normal to the current direction over a movable bed, whose ripples were 
created by the waves. The experiments were performed in the 3D wave basin of 24 m 
length, 10 m width, and 0.9 m height in the Hydraulic Laboratory of Civil 
Engineering Department at National University of Singapore. The waves were 
generated by a programmable wave generation system installed in the basin, whereas 
the current was created by recirculating water flow across the basin utilizing two 
centrifugal pumps located in the basement and an overhead tank placed 15 m above 
the basin. A honeycomb filter was introduced at the current inlet to ensure that the 
flow is relatively uniform. The width of the current channel was 2.7 m. Two 
Acoustic Doppler Velocimeters were utilized in the study to obtain three components 
of the velocities. Four wave height gauges were used to observe the surface profile 
and one bed profiler was utilized to acquire the bottom topography of the sandy bed.  
 The experiments were performed for two different bottom roughness conditions 
– a smooth flat concrete bed and a movable sand bed. The experiments with the 
smooth flat concrete bed consisted of (a) current alone and (b) a combination of 
regular waves and current with the current at 900 to the wave direction. The movable 
bed experiments consisted of (a) current alone over a flat sand bed, (b) current alone 
over sand ripples previously formed by regular waves at 900 to the current direction, 
(c)  combined orthogonal interaction of regular waves and current over the rippled 
bed created by the combined flow formed by the regular waves, (d) current alone 
over ripples previously formed by spectral waves (JONSWAP Spectrum) at 900 to 
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the current direction and (e) combined orthogonal interaction of spectral waves and 
current over the rippled bed formed by the combined flow of spectral waves and 
current. 
Velocity profiles were taken across several transverse sections along the current 
channel. The results for the region where the boundary layer flow was observed to be 
reasonably well developed indicated that there was a well-defined logarithmic region 
near the bottom of the flow. The results for the roughness arising from the orthogonal 
wave current interactions showed that η4≈nk  where η  is the ripple height defined 
as the vertical distance between the crest and the adjacent trough. Kularatne (2001) 
also gave  estimations of the resulting apparent roughness in the orthogonal wave 
current interaction using the Grant and Madsen model. The results showed that it was 
possible to predict movable bed roughness and apparent roughness. The ripple 
geometry could also be predicted reasonably accurately. The surprising feature of 
this investigation was that η4≈nk  was the same movable bed roughness obtained 
for waves alone, i.e. the results suggested that there was no directional effect on 
movable bed roughness for combined wave current flows. 
Another important parameter of the bed form resistance was the ripple pattern 
which would  appear to be complicated when the waves and current interact at some 
angle to one another. Andersen and Faraci (2003) presented a theory for the 
determination of the resistance of wave current interaction over a movable bed at an 
arbitrary angle; however, they only performed the experiments for wave current 
angle of 90°. The experiments were performed in 15 m x 25 m basin. The water 
depth was in the range of 0.4 m to 0.45 m.  
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The ratio of the average current velocity to the maximum wave orbital velocity, 
Uc/Uw ,was introduced as a parameter to investigate the development of ripples and 
its patterns. The ripples ceased to be regular and long crested when the velocity ratio 
reached a value of about 0.65. In addition, a numerical simulation for various wave 
current interaction angles was introduced. The results of that numerical work showed 
that in the presence of both waves and currents close to the rippled bed, the wave 
effects dominated over the current and enhanced the roughness (kn) which could be 
found from Nikuradse’s formula with reasonable accuracy. The Nikuradse formula 
gave ( )nf kDUU /8.14ln46.2/ =  where U = average velocity of the combined 
flow, Uf = maximum wave friction velocity and D = water depth. It was found that 
the friction factor due to the combined flow decreases with angle of the current. This 
suggested that the roughness was not independent of the direction of wave and 
current. 
Faraci et.al. (2008) further investigated the hydrodynamics of the flow over a 
fixed rippled bed under orthogonal wave and current interaction. The experiments 
focused on two different conditions; namely, the wave dominated regime where the 
maximum orbital velocity was larger than the mean current velocity and the current 
dominated regime where the current velocity was larger than the maximum wave 
orbital velocity. The experiments were conducted in a basin 18 m long, 4 m wide and 
1.2 m deep. The current introduced over a 2.5 m wide inlet and the bed was covered 
by 2D PVC ripples specially formed for this purpose (Faraci et. al., 2008). The basic 
dimensions of the ripple were 1.85 cm height and 12.5 cm length.  
Three sets of experiments were performed - (a) waves only, (b) current only 
and (c) waves plus current in orthogonal interaction. The experiments were 
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conducted for different current velocities, wave heights and wave periods. Velocity 
measurements were taken at trough and crest locations and the bed roughness values 
were obtained by plotting the velocity profiles in a semi logarithmic plot. The results 
showed that the roughness generally increase for current flow in the presence of 
waves. Numerical modeling was also executed using the k-ε model for oscillatory 
flows over both smooth and rough beds.  
Experimental and numerical investigations showed that when orthogonal waves 
are superimposed to an existing current in the wave dominated regime, the presence 
of a rippled bed behaves as a macro roughness, which causes the boundary layer to 
become turbulent and therefore the current velocity near the bottom to be smaller 
than in the case of current only, with a consequent increase of the current bottom 
roughness (Faraci, et.al., 2008). However, in the current dominated region, since the 
ripple crests are parallel to the current direction, the wave boundary layer remains 
laminar inducing a relaminarization of the combined flow and a consequent decrease 
in the shear stresses.  
Drake, et.al. (1992) conducted field measurements of the boundary layer along 
with photographs over a sand substrate at an inner shelf (35 m water depth) location 
off northern California. The measurements were taken with a GEOPROBE tripod for 
a 10-day sampling duration. The sediment surrounding the measurement location 
consisted of grains with mean diameter of 0.25 mm, and the bed composed of ripples 
with heights of 3-4 cm and wavelengths of 22-30 cm. The objective of the study was 
to provide verification of the importance of wave and current interaction in the inner 
shelf.  
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The velocity profiles were seen to be logarithmic and were used to obtain the 
shear velocities and roughnesses experienced by the current. These results were used 
to compare with the shear velocity (u*c) and roughness length (z0c) predictions under 
the combined wave current flow using the movable bed model of Grant and Madsen 
[1982] (hereinafter referred to as GM82). The ripple roughness of GM 82 showed 
that the roughness length were up to an order of magnitude larger than the maximum 
expected roughness length values. The mean shear estimates were 50-100% larger 
than the values obtained with the usual rough boundary drag coefficient (CD = 3 x 10-
3). Moreover, a direct correlation existed between these physical roughness estimates 
and the angle of attack (θcr) formed by the mean current and the trend of the wave 
ripple crest (Drake et.al., 1992). A simple linear relationship between kb and θcr was 
proposed as kb = 27.7 η(η/λ) – 0.14(90 - θcr), where kb is the physical bottom 
roughness (kb = 30z0c), θcr is the angle between the larger wave ripple crest lines and 
the burst-averaged current direction, η is ripple height and λ is ripple length. This 
suggested that the roughness is directional dependent. 
Field measurements of wave, current and ripple geometry were conducted by 
Styles and Glenn (2002). The field data for this study were collected at the LEO-15 
(Long-term Ecosystem Observatory) site off the southern coast of New Jersey. The 
water depth at the study site was 12 m. The bed consisted of a mixture of mostly 
quartz sand with a median grain diameter of 0.4 mm. A Benthic Acoustic Stress 
Sensor (BASS) was deployed to measure the flow in the bottom boundary layer.  
Field estimates of the physical roughness (kb) were obtained with the use of a 
combined wave and current bottom boundary layer model. The model used in this 
analysis was an extension of the Grant and Madsen (1979) bottom boundary layer 
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model, in which the 2-layer discontinuous eddy viscosity is replaced by a 3-layer 
continuous formulation. According to Drake et. Al. (1992), roughness models that 
include a correction to account for the direction between the wave and current would 
predict a decrease in the roughness for the current with increasing angle between the 
wave and current. Based on this argument, the results for the wave-dominated 
conditions found at the study site (LEO-15) should produce an overall current 
roughness that is lower than the roughness with similar bed form geometry under a 
pure wave. However, this was not the case. Therefore, this study suggested that there 
is no directional dependence on the bed roughness for combined wave and currents 
over a movable bed. 
A number of experiments and numerical models on estimating the bed 
roughness (e.g. Drake et.al [1992], Barrantes and Madsen [2000], Andersen and 
Faraci [2003], and Faraci et.al. [2008]) showed some evidences of directional 
dependence of the bed roughness. However, experimental results by Kularatne 
[2001] and field measurements by Styles and Glenn [2002] showed that there is no 
directional dependence on the bed roughness for combined wave and currents over a 
movable bed. Resolving these apparent contradicting results provided the motivation 
for this study. 
 
24 
CHAPTER 3  




This chapter provides descriptions of two sets of experiments involving 
uniform flow over artificial roughnesses. One set was conducted in a glass flume and 
another set was conducted in a wave basin covering a larger width of flow. The 
experiments were performed in the Hydraulic Laboratory, Civil Engineering 
Department, National University of Singapore. 
3.1. Experimental Setup 
3.1.1 Flume Experiments 
The glass flume has glass sides and bottom and it is 12 m long, 0.6 m wide, and 
0.6 m deep flume as shown in Figure 3.1. Six sets of experiments were conducted in 
this flume. These are for flow over a  
(a)  smooth glass bed (Figure 3.2. [a]), Run FS, 
(b) gravel bed with gravel having diameters ranging from 3 mm to 6 mm (Figure 
3.2. [b]), Run FG, 
(c) right-angled triangular bars placed as inverted Vs with a height of 1.5 cm 
aligned perpendicular to the flow at regular crest to crest spacing of 10 cm 
(Figure 3.2. [c]), Run F⊥, 
(d) right-angled triangular bars placed as inverted Vs with a height of 1.5 cm 
aligned perpendicular to the flow at regular crest to crest spacing of 10 cm 
with gravel placed between them (Figure 3.2. [d]), Run FG⊥, 
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(e) right-angled triangular bars placed as inverted Vs with a height of 1.5 cm 
aligned parallel to the flow at regular crest to crest spacing of 10 cm (Figure 
3.2. [e]), Run F//, 
(f) right-angled triangular bars placed as inverted Vs with a height of 1.5 cm 
aligned parallel to the flow at regular crest to crest spacing of 10 cm with 
gravel placed between them (Figure 3.2. [f])  Run FG//, 
The spacing and height represent the bed form characteristics of the experiments 





     






























Figure 3.2.  (a) Smooth bed [Run FS],  (b) Gravel bed (3-6mm diameter) [Run FG],  
(c) Triangular bars aligned perpendicular to the flow [Run F⊥],  (d) 
Triangular bars aligned perpendicular to the flow with gravel in 
between Run [FG⊥],  (e) Triangular bars aligned parallel to the flow 
[Run Fװ],  (f) Triangular bars aligned parallel to the flow with gravel in 





3.1.2 Basin Experiments 
The experiments were performed using a section of the 33 m long, 10 m wide 
and 0.9 m deep 3D wave basin in the Hydraulic Laboratory, Civil Engineering 
Department of the National University of Singapore. The current channel was set 
with a length of 6 m and a width of 2 m with flow entering at the honeycomb inlet 
and leaving at the outlet weir. 
The original intent of this part of the study was to assess the effectiveness of 
the wave guides plates to maintaining uniform flow conditions within the current 
channel when waves and currents are at 1200 (see Fig. 3.3a). However, the existing 
facility has a current channel aligned as shown in Fig. 3.3b. Hence, the guide plates 
were set at the angle shown in Fig. 3.3b. The triangular bars, which were meant to 
simulate the ripples formed by the current, were then aligned as shown in Fig. 3.3b. 
Three sets of experiments involving a steady current flow were conducted – (a) 
flow over flat concrete bed (Figure 3.4  and Figure 3.7; Run BS), (b) flow over 
artificial roughness consisting of triangular bars aligned at angle of 300 to the 
incident flow with guide plates in place (Figure 3.5 and Figure 3.8; Run B30GP) and 
(c) flow over triangular bars  aligned at angle of 300 to the incident flow without 
guide plates (Figure 3.6  and Figure 3.9; Run B30). The dimensions of the triangular 
bars were the same as those used for the flume experiments and they were placed 

















Figure 3.3.  Sketch of  the current channel for (a) wave-current interaction at angles 
of 120° over artificial roughness bars, (b) current alone over artificial 







































Figure 3.5.  Basin layout for flow over artificial roughness bars at angle of 30° to 



















Figure 3.6.  Basin layout for flow over artificial roughness bars at angle of 30° to 



























Figure 3.8.  Basin setup for flow over artificial roughness bars at angle of 30° to 























Figure 3.9. Wave basin setup for flow over artificial roughness bars at angle of 30° 




3.2.1 Vectrino Velocimeter (Vectrino Acoustic Doppler Velocimeter) 
Two Vectrino velocimeters were used to obtain the velocity (Figure 3.10).  The 
velocimeter measures all three components of the velocity and the sampling volume 
(3 – 15 mm long and 6 mm diameter) is located 5 cm below the transducer. 
Throughout the present experimentation (flume and basin), the sampling volume was 
set as 7 mm long and 6 mm diameter. The sampling rate was adjustable but the 
experiments were performed with the sampling rate of 200 Hz with a horizontal 

















Figure 3.10.  Vectrino Velocimeter 
 
 
The Windows XP computer was connected directly to the Vectrino to obtain 
real time series  of the velocities. Vectrino Plus software was employed to gather and 
analyze data. Seeding with small particles added to the water was necessary for the 
flume experiments due to the high reflective properties of the surfaces. Kaolin 
powder was used as the scattering material to achieve an acceptable signal to noise 
ratio (SNR) and coefficient of correlation (COR). The higher of the SNR value 
meant a higher quality of the data. In addition, the coefficient of correlation (COR) 
gave an indication of the reliability of the data. 
3.2.2 Nortek Acoustic Doppler Velocimeter (ADV) 
The Nortek ADV was the older version of the Vectrino Velocimeter.  However, 
the maximum sampling frequency of this ADV is 25 Hz. The NORTEK ADV was 
used only for the preliminary experiment in the basin for flow over flat concrete bed 
to measure velocity profiles along the current channel. The instrument was controlled 
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from a computer by using suitable software from Nortek. It could capture visual real 
time monitoring of the flow, instrument setting, and file naming. 
The measuring probe consisted of one transmit transducer and three receivers 
with the measurement volume at 5 cm below the probe. The sampling volume 








RESULTS AND DISCUSSION 
 
The experimental results pertaining to the velocity profiles and the estimated 
values of the roughness parameter z0 and the shear velocity are presented and 
discussed in this chapter.  Estimates of the bed roughness and the shear velocity are 
based on the logarithmic form of the velocity profile. For the set of coordinates 
adopted in this study, the coordinate x is taken along the flow direction, y is the 
cross-channel coordinate and z is the vertical coordinate oriented with the origin 
fixed at O shown in Figures 4.1 and 4.2. To determine the sampling duration that 
would give acceptable variability, the flow velocity was sampled at a selected 
location for 40 minutes. The total record was then subdivided into smaller equal 
segments. The corresponding averages were evaluated and compared with the 
average for the 40 minutes record.  It was found that a record of 3 minutes at a 
sampling rate of 200 Hz was sufficient to give a standard deviation of  ± 0.3 cm/s for 
the u (or downstream) component, ± 0.2 cm/s for the v component and ± 0.01 cm/s 
for the w component. Therefore, it was decided to choose 3 minutes as the sampling 
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Figure 4.2. Axis System for Basin Experiments 
 
4.1. Flume Experiments 
A Vectrino ADV was used to take measurements of the three velocity 
components in x, y and z directions. It was mounted on top of the instrument 
carriage. The measurements were taken with the sampling duration of 3 minutes and 
the sampling rate of 200 Hz. The horizontal velocity range was set to 44 cm/s and the 
vertical velocity range was set to 13 cm/s.  Measured velocities that had 2'u >3.5 











components (x, y and z direction), where u’, v’ and w’ are the fluctuations in the x, y 
and z direction respectively. The large noise component in the data could be due to 
the reflection from the roughness elements. The flow rate was maintained to be 32 l/s 
and the depth of flow was 0.4 m.   
 
4.1.1. Flow over smooth bed (Run FS) 
Velocity profiles were obtained at five locations. The measurement positions 
were located at 4m, 5m and 6m downstream of the inlet. Three velocity profiles were 
taken at 6 m downstream of the honeycomb inlet at the center and 15 cm on both side 
of the centerline (y = 15 cm, 30 cm and 45 cm). For locations 4 m and 5 m 
downstream of the inlet, velocity profile measurements were taken only at the center 
of the flume (y = 30 cm) [Figure 4.3]. All the results are given in Appendix A.1.1. 
Figure 4.4. shows the velocity profile at the center of the flume at 6 m downstream 
the honeycomb inlet. It can be seen that the boundary layer is still developing at 6m 








Figure 4.3. Measurement location for flow over smooth glass bed 
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Figure 4.4.  Velocity profile at the centerline of the flume at 6 m downstream of the 
inlet for flow over smooth glass bed. 
 
The boundary layer was estimated using the theory of development of 
boundary layer over a smooth plate by Schlichting (1979). The boundary layer 
thickness was estimated to be 12.14 cm at 6 m downstream the inlet. It was 
considered to start from honeycomb outlet. The calculation is attached in Appendix 
B.1. It was decided to use the points up to 2/3 (~8.1 cm in this case) of the estimated 
boundary layer thickness to perform logarithmic fit of the velocity profiles. The 
velocity profiles were plotted semi-logarithmically to obtain the bed roughness (z0c) 
and the shear velocity (u*c).  Figure 4.5. shows semi-logarithmic plot of the vertical 































Figure 4.5.  Semi-logarithmic plot of the velocity profile at the centerline of the 
flume at 6 m downstream of the inlet for flow over smooth glass bed. 
 
The best fit line of Figure 4.5. was obtained using the linear regression of ln(z) 
vs u. The bed roughness experienced by the current (z0c) was estimated from the 
vertical intercept of the best fit line. In addition, the shear velocity u*c value obtained 
by applying Eq. (4.1) to the best fit line. The results of z0c, u*c and R2 where R is the 
regression coefficient are presented in Table 4.1. The R2 values of the best-fit line 
indicate the goodness of the logarithmic fit and fifth column gives the number of 
points used in the fit to the equation given below 
 
























zoc = 0.0019 cm
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Table 4.1. Comparison of Measured and Calculated Bed Roughness (z0c) Estimates 
for Flow over the Smooth Glass Bed 
 
[z0c]m ln z0c [u*c]m R2 No. of Points [z0c]c=ν/9u*c [z0c]m/[z0c]c 2/3 δc
(cm) (cm/s) used in log fit (cm) (cm) (cm)
x = 4m y = 30cm 0.0006 -7.42 0.61 0.985 10 0.0015 0.4130 6.3
x = 5m y = 30cm 0.0015 -6.50 0.65 0.972 11 0.0014 1.0964 7.9
x = 6m y = 15cm 0.0017 -6.38 0.65 0.924 11 0.0014 1.2411
x = 6m y = 30cm 0.0019 -6.27 0.69 0.948 10 0.0013 1.4630
x = 6m y = 45cm 0.0005 -7.60 0.56 0.922 11 0.0016 0.3122
0.0012 -6.83 0.63 0.950 0.0014 0.9051




Standard Deviation  
 
The mean value of the measured bed roughness ([z0c]m) is 0.0012 cm with the 
standard deviation of 0.0006 cm. It indicates slightly high variability of bed 
roughness because the standard deviation is half of the mean value. Apart from the 
possibility that with the semi-logarithmic plot where a small change in the slope of 
the plot can result in a large deviation of the intercept value on the vertical log axis, 
the values of the roughness parameter is itself very small. As can be seen in Table 
4.1, the shear velocity value ([u*c]m) is 0.63 cm/s with the standard deviation of 0.05 
cm/s. The small variability of the shear velocity estimate depends on the slope of the 
best fit line which seems rather well defined in the Figure 4.5.  
The flow conditions were determined from the experimental values from Table 
4.1 using the criterion  
3.39.2* ≤=ν
ukn        (4.2) 
where ν is molecular viscosity (ν =8.01 × 10-7 m2/s for the average water temperature 
of 30°C). This result suggests that the flow conditions are smooth turbulent. The bed 
roughness was then calculated using Eq. (2.12) to further investigate this claim. As 
can be seen in Table 4.1, the calculated bed roughness ([z0c]c) is  0.0014 cm with a 
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standard deviation of ± 0.0001 cm. The variability of the calculated bed roughness is 
less than 10 % of the mean value and this might be because that this value was 
calculated using the shear velocity obtained from the measured velocity profiles. It is 
shown that the calculated bed roughness value ([z0c]c) is slightly higher than the 
measured bed roughness ([z0c]m). However, it is well within the experimental 
accuracy. 
The 95% confidence interval analysis on the slope of ln(z) vs u was performed 
to investigate the variability of the experimentally obtained values for u*c. The 
limiting values of u*c estimated from the 95% confidence interval for the velocity 
profiles taken at various locations in the flume are tabulated in Table 4.2.   
 
 
Table 4.2.  95% confidence intervals for Shear Velocity (u*c) for flow over smooth 
Glass Bed.  
 
u*c
(cm/s) u*c min. est. u*c max. est.
(cm/s) (cm/s)
x = 4m y = 30cm 0.61 0.54 0.70
x = 5m y = 30cm 0.65 0.58 0.75
x = 6m y = 15cm 0.65 0.53 0.83
x = 6m y = 30cm 0.69 0.58 0.83













4.1.2. Flow over gravel bed (Run FG) 
For the next set of experiments, gravel of 3–6 mm diameter was uniformly laid 
over the glass bottom from 3 m to 6.5 m downstream of the honeycomb outlet 
leaving the first 3 m of the glass bottom downstream of the honeycomb outlet 
uncovered. Velocity profiles were obtained at the same locations as with the 
experiments for flow over the smooth glass bed (Figure 4.6).  Figure 4.7. shows the 
velocity profile at the center of the flume at 6 m downstream from the inlet i.e. 3 m 
downstream from the starting location of the gravel bed. The velocity data at all 
locations are tabulated in Appendix A.1.2.  
 





Figure 4.6. Measurement location for flow over gravel bed 
 
The average height of the gravel bed from the glass bottom was obtained with 
the use of a bed profiler. It was found that the average gravel layer thickness (h) was 
0.87 cm. It was decided to define the theoretical bed at 0.7 h (~0.6 cm) above the 
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Figure 4.7.  Velocity profile at the centerline of the flume at 6 m downstream of the 
inlet for flow over gravel bed. 
 
The boundary layer thickness (δc) was estimated using the theory of the 
development of turbulent boundary layer over a rough plate (Schlichting, 1979).  The 
flow was first assumed to be rough turbulent with an equivalent Nikuradse sand grain 
roughness (kn) equal to the diameter of the gravel. The development of the boundary 
layer thickness over the first 3 m downstream of the honeycomb was neglected and 
the boundary layer thickness over the rough plate was considered to start from where 
the gravel was introduced. Considering the approximation involved in the 
computation, it was decided to use only the measured velocities up to a level at about 
2/3 of the estimated boundary layer thickness for the logarithmic fit of the velocity 

















This would allow for the first estimate of z0c which is then used to estimate the  
boundary layer thickness by assuming the flow to be fully rough turbulent which 
gives kn = 30 z0c. Again, considering the approximations involved in the calculations, 
measurement points below 2/3 of the estimated boundary layer thickness were used 
for the logarithmic plot (Table 4.3). This procedure can be done iteratively until a 
reasonably constant value of z0c is obtained. The detailed calculations are shown in 
Appendix B.2.  
Best-fit lines are applied to all profiles to obtain z0c and u*c for flow over gravel 
bed. Figure 4.8. shows the semi-logarithmic plot of the velocity distribution at the 













Figure 4.8.  Semi-logarithmic plot of the velocity profiles at the centerline of the 
















Table 4.3. Bed Roughness (z0c) and Shear Velocity (u*c) for Flow over Gravel Bed 
z0c ln z0c u*c R2 No. of Points 2/3 δc
(cm) (cm/s) used in log fit (cm)
x = 4m y = 30cm 0.034 -3.37 1.11 0.993 7 5
x = 5m y = 30cm 0.057 -2.86 1.19 0.972 10 8.3
x = 6m y = 15cm 0.052 -2.96 1.10 0.964 11
x = 6m y = 30cm 0.033 -3.43 1.02 0.966 12
x = 6m y = 45cm 0.031 -3.47 1.01 0.981 11
0.041 -3.22 1.09 0.975







As shown in the Table 4.3, the mean value of z0c is 0.041 cm with a standard 
deviation of 0.012 cm. The average value of z0c is an order larger than that of the 
flow over the smooth glass bed as expected. The coefficient of variation as defined 
by the ratio of the standard deviation to the mean for  z0c in the case of the flow over 
the gravel bed is 29.2%. It is noted that the coefficient of variation of z0c for the flow 
over the smooth glass bed is 50%.  Further, the coefficient of variation of the average 
shear velocity is 6.46% for the flow over the gravel bed as compared to a coefficient 
of variation of  7.9% for flow over the glass bed. This suggests that zoc is expected to 
be a more sensitive measure of the roughness. 
The equivalent Nikuradse sand grain roughness (kn) is 1.22 cm. Nielsen (1992) 
showed that the effective sediment transporting stress corresponds to a roughness 
(kn) of about 2.5d, which is comparable to the result here (~ 2d).  
The variability of the calculated values of u*c based on the 95% confidence 
intervals is shown in Table 4.4. It is shown that all of the u*c values lie within the 
range of 0.95 cm/s < u*c <1.25 cm/s. 
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(cm/s) u*x min. est. u*x max. est.
(cm/s) (cm/s)
x = 4m y = 30cm 1.11 1.02 1.21
x = 5m y = 30cm 1.19 1.04 1.38
x = 6m y = 15cm 1.10 0.97 1.29
x = 6m y = 30cm 1.02 0.90 1.17
x = 6m y = 45cm 1.01 0.92 1.13
1.09 0.97 1.23







4.1.3. Flow in direction perpendicular to triangular bars (Run F⊥) 
This setup consist of a glass bottom from 0 m to 3 m downstream from the 
honeycomb outlet followed by triangular bars laid on to the flume bottom from 3 m 
to 6.5 m downstream of the honeycomb inlet. The triangular bars were placed 
perpendicular to the flow direction at equal crest to crest spacing of 10 cm intervals 
(Figure 3.2 [c]). The velocity measurements were taken at x = 5 m and x = 6m 
downstream from the honeycomb outlet i.e. 2 m and 3 m downstream from the 
starting location of the roughness elements. For general location of x = 5m, 
measurements were taken over two crests with coordinates (500 cm, 30 cm) and (510 
cm, 30 cm) and two troughs with coordinates (505 cm, 30 cm) and (515 cm, 30 cm) 
– all along the centerline of the flume. For the general location x = 6 m, the 
measurements were taken at the center of the flume and 15 cm on either side of the 
center of the flume -  covering six crests at (600 cm, 15 cm), (600 cm, 30 cm), (600 
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cm, 45 cm), (610 cm, 15 cm), (610 cm, 30 cm) and (610 cm, 45 cm) and six troughs 
at (605 cm, 15 cm), (605 cm, 30 cm), (605 cm, 45 cm), (615 cm, 15 cm), (615 cm, 30 
cm) and (615 cm, 45 cm) [Figure 4.9]. For the experiments without gravel, the origin 
of the z axis (z = 0) was chosen along the glass bottom. Figure 4.10 shows the 
velocity profiles at crest and trough locations along the centerline of the flume at the 
general location 6m downstream of the honeycomb outlet for flow over triangular 
bars aligned perpendicular to the incident flow. The velocity data at all locations are 


















triangular bars (10cm spacing)

















Figure 4.10.  Velocity profiles at crest and trough locations along the centerline of 
the flume at 6m downstream of the honeycomb outlet for flow over 
triangular bars aligned perpendicular to the incident flow (x = 6m 
[crest]; x = 6.05m [trough]; x = 6.10m [crest]; 6.15m [trough]) 
 
 
In Figure 4.11, the velocity profiles were plotted on semi-logarithmic scale to 
obtain the bed roughness (z0c) and shear velocity (u*c). The velocities at an elevation 
of z ≥ 3cm in Figure 4.11 do not show a strong dependence on the x locations. 
Taking the standard deviation of the average velocity at each elevation for z ≥ 3cm 
gives a standard deviation of ± 0.02-0.42 cm/s except for one elevation, which has 
standard deviation of ± 0.5 cm/s. This variability is comparable with the variability 
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± 0.3 cm/s. On the basis of this observation, the measurement points at elevation of z 














Figure 4.11.  Semi-logarithmic plot of the velocity profiles at crest and trough 
locations along the center line of the flume at the general location of 
6m downstream of the honeycomb outlet for flow over triangular bars 
aligned perpendicular to the flow (x = 6m [crest]; x = 6.05m [trough]; 
x = 6.10m [crest]; 6.15m [trough]) 
 
The height of the roughness element (η) is 1.5 cm and the effects of individual 
roughness elements extend to approximately two times of its height (2η) [Mathisen 
and Madsen, 1996a]. To decide on the points to be used in the least square fit for the 
semi-logarithmic plot, (i.e. ln(z) vs u), an initial assessment on the points to be 
included was made after studying the velocity profiles. This would allow for the first 
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thickness cδ  from the flat plate theory. Points between 3/2 3 czcm δ<<  above the 
glass bottom were then adopted for the least square fit for the semi-log plots. This 
procedure can be done iteratively until a reasonably constant value of z0c is obtained. 
The results based on the 2δc/3 approximation are presented in Table 4.5.  
The detailed results of the bed roughness (z0c) and shear velocity (u*c) values 
for flow over triangular roughness elements aligned perpendicular to the flow are 
presented in Table 4.5. The average bed roughness experienced by the current above 
the crest is 0.642cm with a coefficient of variation of 11.8% and the average shear 
velocity is 2.09 cm/s with a coefficient of variation of 6.2%. The average bed 
roughness above the trough is 0.603 cm with a coefficient of variation of 23.4% and 
the shear velocity is 2.05 cm/s with a coefficient of variation of 9.76%. These results 
show that the bed roughness and shear velocity above the crest are almost the same 
as those of above the trough. Therefore, for this experiment, the bed roughness and 
shear velocity are independent of the location of crest and trough. The statistical 
analysis for all velocity profiles in this experiment gives the value of the average bed 
roughness to be 0.622 cm with a coefficient of variation of 17.8% and the shear 
velocity to be 2.07 cm/s with a coefficient of variation of 7.7%. These values are 
clearly larger than those for flow over flat bed (Table 4.1) and flow over gravel bed 
(Table 4.3).  The equivalent Nikuradse sand grain roughness (kn=30z0) is 18.7 cm. 
This result (kn ≈ 12η) is comparable with the experimental findings of kn ≈ 14η 




Table 4.5.  Bed Roughness (z0c) and shear Velocity (u*c) for Flow over Triangular 

















The boundary layer thickness was then estimated by assuming the flow to be 
rough turbulent over a flat plate (kn=30z0). The development of the boundary layer 
thickness over the first 3 m downstream of the honeycomb was neglected and the 
boundary layer thickness over the rough plate was considered to start from where the 
roughness elements were introduced. Again, considering the approximations 
involved in the calculations, measurement points below 2/3 of the estimated 
boundary layer thickness were used for the logarithmic plot (Table 4.5). The detailed 
z0c ln z0c u* R2 No. of Points 2δc /3
(cm) (cm/s) used in log fit (cm)
Crest
x = 5m y = 30cm 0.623 -0.47 2.11 0.939 14
x = 5.10m y = 30cm 0.769 -0.26 2.17 0.988 14
x = 6m y = 15cm 0.612 -0.49 2.00 0.968 14
x = 6.10m y = 15cm 0.751 -0.29 2.22 0.961 14
x = 6m y = 30cm 0.617 -0.48 2.25 0.951 14
x = 6.10m y = 30cm 0.568 -0.57 2.13 0.952 14
x = 6m y = 45cm 0.623 -0.47 1.99 0.962 14
x = 6.10m y = 45cm 0.571 -0.56 1.88 0.974 14
0.642 -0.45 2.09 0.962
0.076 0.11 0.13 0.015
Trough
x = 5.05m y = 30cm 0.780 -0.25 2.26 0.977 14
x = 5.15m y = 30cm 0.728 -0.32 2.17 0.987 14
x = 6.05m y = 15cm 0.708 -0.35 2.31 0.942 13
x = 6.15m y = 15cm 0.458 -0.78 1.83 0.965 12
x = 6.05m y = 30cm 0.465 -0.77 1.97 0.972 13
x = 6.15m y = 30cm 0.509 -0.68 2.00 0.959 13
x = 6.05m y = 45cm 0.713 -0.34 2.09 0.969 12
x = 6.15m y = 45cm 0.461 -0.77 1.75 0.973 12
0.603 -0.53 2.05 0.968
0.141 0.24 0.20 0.013
0.622 -0.49 2.07 0.965




Mean (Crest and Trough)








calculations are shown in Appendix B.3. Although the estimated boundary layer is 
22.5 cm at x = 6m, the measurement points at an elevation of 20 cm were not 
considered because they do not follow the trend of the best fit line. The 95% 
confidence intervals for u*c are given in Table 4.6.  
 
    Table 4.6.  95% Confidence Intervals of Shear Velocity For Flow Over 






















u*c min. est. u*c max. est.
(cm/s) (cm/s)
x = 5m y = 30cm 2.11 1.82 2.51
x = 5.10m y = 30cm 2.17 2.03 2.33
x = 6m y = 15cm 2.00 1.79 2.26
x = 6.10m y = 15cm 2.22 1.98 2.55
x = 6m y = 30cm 2.25 1.88 2.79
x = 6.10m y = 30cm 2.13 1.87 2.48
x = 6m y = 45cm 1.99 1.77 2.27
x = 6.10m y = 45cm 1.88 1.70 2.10
Trough
x = 5.05m y = 30cm 2.26 2.06 2.50
x = 5.15m y = 30cm 2.17 1.97 2.40
x = 6.05m y = 15cm 2.31 1.98 2.76
x = 6.15m y = 15cm 1.83 1.62 2.12
x = 6.05m y = 30cm 1.97 1.77 2.32
x = 6.15m y = 30cm 2.00 1.76 2.32
x = 6.05m y = 45cm 2.09 1.86 2.39
x = 6.15m y = 45cm 1.75 1.57 1.98
2.07 1.84 2.38






4.1.4. Flow over triangular bars aligned perpendicular to the flow with gravel 
placed between the bars. (Run FG⊥) 
This setup consisted of a glass bottom from 0 m to 3 m downstream from the 
honeycomb outlet followed by triangular bars were laid on to the flume bottom from 
3 m to 6.5 m downstream of the honeycomb inlet. The triangular bars were placed 
perpendicular to the flow direction at equal crest to crest spacing of 10 cm intervals 
A layer of gravel with diameters varying between 3 mm to 6 mm covered the space 
between the bars (Figure 3.2.[d]).   
The locations of velocity measurements were the same as the previous set of 
experiments for flow over triangular bars without gravel (Figure 4.12) . It was found 






Figure 4.12.  Measurement location for flow over triangular bars aligned 
perpendicular to the flow with gravel placed between the bars 
 
Since gravel was placed between the triangular bars, it was decided to set the 
theoretical bed at 0.7 h (~0.6 cm) above the glass bed i.e 0.3 h below the average 
gravel layer surface as the location of z = 0 (theoretical bottom).  Figure 4.13 shows 
the velocity profiles at the center of the flume at the general location of 6 m 
downstream of the honeycomb outlet. The velocity data for all locations are tabulated 
in Appendix A.1.4. 
triangular bars (10cm spacing) 3m d/s
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Figure 4.13. Velocity profiles at crest and trough locations along the centerline of the 
flume at 6m downstream of the honeycomb outlet for flow over 
triangular bars aligned perpendicular to the incident flow with gravel 
placed between the bars. (x = 6m [crest]; x = 6.05m [trough]; x = 6.10m 
[crest]; 6.15m [trough]) 
 
Taking the standard deviation of the average velocity at each elevation for z ≥ 
2.4 cm from the theoretical bottom (z ≥ 3 cm from the glass bottom) gives a standard 
deviation of ± 0.08-0.43 cm/s except for one elevation with ± 0.51 cm/s. This 
variability is comparable with the variability of individual measurements associated 
with the sampling duration and sampling rate, ± 0.3 cm/s. On the basis of this 
observation, the measurement points at elevation of z ≥ 2.4 cm above the theoretical 




























x=6m x=6.05m x=6.10m x=6.15m
The velocity profiles were then plotted semi-logarithmically with ln (z) vs u. 
To decide on the points to be used in the least square fit for the semi-logarithmic 
plot, (i.e. ln(z) vs u), an initial assessment on the points to be included was made 
after studying the velocity profiles. This would allow for the first estimate of z0c 
which is then used to estimate the rough turbulent boundary layer thickness cδ  from 
the flat plate theory. Points between 3/24.2 czcm δ<<  above the theoretical bottom 
were then adopted for the least square fit for the semi-log plots. This procedure can 
be done iteratively until a reasonably constant value of z0c is obtained. Figure 4.14. 













Figure 4.14.  Semi-logarithmic plot of the velocity profiles at crest and trough 
locations along the centerline of the flume at the general location of 
6m downstream of the honeycomb outlet for flow over triangular bars 
aligned perpendicular to the flow with gravel between the bars.  (x = 
6m [crest]; x = 6.05m [trough]; x = 6.10m [crest]; 6.15m [trough]) 
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The results for the bed roughness (z0c) and shear velocity (u*c) obtained from 
semi-logarithmic plots of velocity profile are presented in Table 4.7. Statistical 
analysis of the results shows that the mean value of the bed roughness experienced 
by the current (z0c) is 0.42 cm with a coefficient of variation of 12.9%. The average 
value of the shear velocity (u*c) is 1.82 cm/s with a coefficient of variation of 4.9%. 
It is shown that the bed roughness and shear velocity at x = 6m are less that those at x 
= 5m. This picture might indicate the boundary layer development. Moreover, the 
variability of the z0c values (the standard deviation is more than 10% of the mean 
value) is greater than that of the u*c values (the standard deviation about 5% of the 
mean values). The bed roughnesses (z0c) and shear velocities (u*c) in this set of 
experiments are larger than those for the flow over a plain gravel bed (Table 4.3) and 
they are smaller than those for the flow where the triangular bars are aligned 
perpendicular to the flow without gravel placed in between the bars (Table 4.5).  
Further, there is no perceptible difference between the results obtained at ripple crest 









Table 4.7.  Bed Roughness (z0c) and Shear Velocity (u*c) for Flow over Triangular 
Bars aligned Perpendicular to the Flow with Gravel between the Bars. 
 
z0c ln z0c u*c R2 No. of Points 2δc /3
(cm) (cm/s) used in log fit (cm)
Crest
x = 5m y = 30cm 0.509 -0.67 1.99 0.979 13
x = 5.10m y = 30cm 0.481 -0.73 1.94 0.959 12
x = 6m y = 15cm 0.450 -0.80 1.83 0.974 12
x = 6.10m y = 15cm 0.368 -1.00 1.75 0.971 12
x = 6m y = 30cm 0.468 -0.76 1.89 0.970 12
x = 6.10m y = 30cm 0.443 -0.81 1.87 0.970 12
x = 6m y = 45cm 0.347 -1.06 1.72 0.984 14
x = 6.10m y = 45cm 0.380 -0.97 1.79 0.968 14
0.431 -0.85 1.85 0.972
0.059 0.14 0.09 0.008
Trough
x = 5.05m y = 30cm 0.391 -0.94 1.77 0.966 13
x = 5.15m y = 30cm 0.417 -0.88 1.83 0.971 13
x = 6.05m y = 15cm 0.449 -0.80 1.81 0.967 13
x = 6.15m y = 15cm 0.450 -0.80 1.83 0.972 14
x = 6.05m y = 30cm 0.361 -1.02 1.71 0.988 13
x = 6.15m y = 30cm 0.485 -0.72 1.88 0.971 14
x = 6.05m y = 45cm 0.383 -0.96 1.76 0.967 14
x = 6.15m y = 45cm 0.332 -1.10 1.66 0.983 14
0.408 -0.90 1.78 0.973
0.051 0.13 0.07 0.008
0.420 -0.88 1.82 0.972
0.054 0.13 0.09 0.008
Std. Deviation (Trough)
Mean (Crest and Trough)










The equivalent Nikuradse sand grain roughness (kn) is 12.6 cm. The presence 
of the gravel layer reduced the effective height of the roughness elements. It was 
found through profiling that the average height of the gravel layer above the glass 
bottom was 0.87 cm. The height of the crest above the glass bottom was 1.5 cm and 
this would give an average protrusion height of the crest above the average height of 
the gravel (η1) of 0.63 cm.  According to Jackson (1981), the theoretical bottom 
would be 0.7 x gravel height (i.e. 0.61 cm). This would give the protrusion height of 
the crest above the theoretical bed (η2) of 0.89 cm. Consequently, for the 
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experiments with the presence of the gravel layer, the roughness can be expressed as 
kn ≈  20.5 η1 and kn ≈  14.5 η2, which are somewhat larger than those found by 
Barrantes and Madsen (2000) for similar experimental conditions (Table 4.8). The 
reason for this difference is likely due to the smooth spherical beads placed between 
the bars by Barrantes and Madsen (2000) giving a smaller roughness than the gravel 
used in the present experiments. 
Table 4.8. Comparison of Roughness (kn) with other Experimental Results. 
(cm)
Present Experiments (no gravel) 18.7 12 η (η = 1.5 cm)
Mathisen and Madsen's Experiments (no beads) 20.9 14 η (η = 1.5 cm)
Barrantes and Madsen's Experiments (no beads) 10.8 7 η (η = 1.5 cm)
Present Experiments (with gravel) 12.6 14 η (η = 0.89 cm)
Barrantes and Madsen's Experiments (with beads) 5.1 5 η (η = 1.08 cm)
kn = 30 z0c
 
As can be seen in Table 4.8, the roughness values (kn) of the experiments 
without gravels/beads are larger than those of the experiments with the presence of 
gravels/beads. However, in the present experiments, the roughness for no gravel 
experiments was enhanced by a factor of 12 and the roughness for experiments with 
gravel was enhanced by a factor of 14. This could be due to the effects of uneven 
gravel surface layer and the presence of gravel layer reduces the effective height of 
the ripples.  
The boundary layer thickness was estimated by assuming the flow to be rough 
turbulent over a rough plate. The development of the boundary layer thickness over 
the first 3 m downstream of the honeycomb was neglected and the boundary layer 
thickness over the rough plate was considered to start from where the roughness 
elements were introduced. Again, 2/3 of the estimated boundary layer thickness was 
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used to decide on the points for the logarithmic plot (Table 4.7 ). The detailed 
calculations are shown in Appendix B.4. Although the estimated boundary layer is 
20 cm for x = 6m, the measurement points at an elevation of 19.4 cm above the 
theoretical bottom were not considered because they do not follow the trend of the 
best fit line.  
The 95% confidence intervals of the shear velocity u*c are given in Table 4.9.  
It is also shown that the coefficient of variation of  u*c  is small and u*c falls within 
1.62 cm/s <u*c<2.07 cm/s. 
Table 4.9.  95% Confidence Intervals of Shear Velocity for Flow over Triangular 
Bars Aligned Perpendicular to the Flow with Gravel Between The 
Bars. 
u*c
(cm/s) u*c min. est. u*c max. est.
(cm/s) (cm/s)
x = 5m y = 30cm 1.99 1.81 2.20
x = 5.10m y = 30cm 1.94 1.70 2.28
x = 6m y = 15cm 1.83 1.64 2.07
x = 6.10m y = 15cm 1.75 1.56 2.00
x = 6m y = 30cm 1.89 1.63 2.27
x = 6.10m y = 30cm 1.87 1.54 2.38
x = 6m y = 45cm 1.72 1.59 1.87
x = 6.10m y = 45cm 1.79 1.60 2.04
Trough
x = 5.05m y = 30cm 1.77 1.58 2.02
x = 5.15m y = 30cm 1.83 1.64 2.07
x = 6.05m y = 15cm 1.81 1.62 2.07
x = 6.15m y = 15cm 1.83 1.66 2.05
x = 6.05m y = 30cm 1.71 1.57 1.87
x = 6.15m y = 30cm 1.88 1.70 2.11
x = 6.05m y = 45cm 1.76 1.53 2.07
x = 6.15m y = 45cm 1.66 1.54 1.81
1.82 1.62 2.07








4.1.5. Flow in direction parallel to triangular bars (Run F//) 
This setup consisted of a glass bottom from 0 m to 3 m downstream from the 
honeycomb outlet followed by triangular bars which were laid parallel to the axis of 
the flume bottom from 3 m to 6.5 m downstream of the honeycomb inlet. The 
triangular bars at equal crest to crest spacing of 10 cm (Figure 3.2 [e]). Velocity 
profiles were obtained at three cross sections (Figure 4.15), which were 
(a) 4 m downstream along the centerline and 5 cm on either sides of the 
centerline i.e. at coordinates (400 cm, 25 cm) and (400 cm, 35 cm) 
(b) 5 m downstream along the centerline and 5 cm, 10 cm on either side of 
the centerline, i.e. at coordinates (500 cm, 20 cm), (500 cm, 25 cm), (500 
cm, 35 cm) and (500 cm, 40 cm) 
(c) 6 m downstream along the centerline and 5cm on either sides of the 
centerline,  i.e. at coordinates (600 cm, 25 cm) and (600 cm, 35 cm) 
It was decided for the experiments without gravel, the origin of the z axis (z = 0) was 
chosen along the glass bottom. The results of the velocity profile at x = 5m 
downstream of the honeycomb outlet are presented in Figure 4.16. The velocity data 







Figure 4.15. Measurement Location for Flow in direction Parallel to Triangular Bars 
triangular bars (10cm spacing) 3m d/s






























Figure 4.16.  Velocity profiles at  x = 5m downstream of the honeycomb outlet for 
flow over triangular bars aligned parallel to the flume axis (y=20cm 
[crest]; y=25cm [trough]; y=30cm [crest at centerline]; y=35cm 
[trough]; y=40cm [crest]) 
 
Taking the standard deviation of the average velocity at each elevation, the 
results suggest that the average velocities at elevation 7 ≤ z ≤ 25 cm above the glass 
bed give a standard deviation of ± 0.15-0.28 cm/s. This variability is comparable 
with the variability of individual measurements associated with the sampling 
duration and sampling rate, ± 0.3 cm/s. Therefore, in this region, velocities are 
independent of the locations of crest and trough. The results suggest that the average 
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of ± 0.49-0.61 cm/s, which is larger than the variability of individual measurements 
associated with the sampling duration and sampling rate, ± 0.3 cm/s. In Figure 4.16, 
for this region, the velocities above the trough are larger than those of above the 
crest. This could be because of the measurements above the crest were closer to the 
bed (top of the crest) rather than the measurements above the trough, i.e. the 
velocities within the boundary layer are not independent of location relative to crests 
and troughs. 
The velocity profiles were then plotted semi-logarithmically with ln (z) vs u. 
To decide on the points to be used in the least square fit for the semi-logarithmic 
plot, (i.e. ln(z) vs u), an initial assessment on the points to be included was made 
after studying the velocity profiles. This would allow for the first estimate of z0c 
which is then used to estimate the rough turbulent boundary layer thickness cδ  from 
the flat plate theory. The development of the boundary layer thickness over the first 3 
m downstream of the honeycomb was neglected and the boundary layer thickness 
over the rough plate was considered to start from where the roughness elements were 
introduced. Considering the approximations involved in this calculation, it was 
decided to use points between  3/23 czcm δ<<  above the glass bottom for the least 
square fit for the semi-log plots. This procedure can be done iteratively until a 
reasonably constant value of z0c is obtained. The 2/3 of the boundary layer thickness 
values are presented in Table 4.10. The detailed calculation is presented in Appendix 
B.5. Figure 4.17 shows the semi-logarithmic variation of the velocity profiles at 5m 
downstream the honeycomb outlet. Results of bed roughness (z0c) and shear velocity 













Figure 4.17. Semi-logarithmic plot of the velocity profiles at 5m downstream of 
the honeycomb outlet for flow over triangular bars with 10 cm 
spacing aligned parallel to the flow (y = 20 cm [crest]; y = 25 cm 
[trough]; y = 30 cm [crest]; y=35 cm [trough]; y=40 cm [crest]) 
 
The bed roughness (z0c) and shear velocity (u*c) values above the trough at 
locations (600 cm, 25 cm) and (600 cm, 35 cm) showed some low values (less than 
experimental results for flow over smooth glass bed) and were therefore discarded 
and are not presented in Table 4.10.  The bed roughness (z0c) values above the crest 
at the center of the flume show some high values and it seems that the highest 
roughness of the bed is located at the center of the flume. The statistical analysis in 
Table 4.10 shows that the mean value of bed roughness (z0c) at the crest is 0.106 cm 
with a coefficient of variation of 55.7% and the mean value of bed roughness (z0c) at 
the trough is 0.046 cm with a coefficient of variation of 54.3%. These results suggest 












y=20cm y=25cm y=30cm y=35cm y=40cm
 63
trough. Therefore, the velocity profiles within the boundary layer in this particular 
experiment do not appear to be independent to the location of the crest and trough. 
This could be because the experiments had too little distance for flow to develop 
sufficiently so that the flows were not reaching heights at which velocities over the 
crests and troughs merged. Multiplying the bed roughness by 30 gives the equivalent 
Nikuradse sand grain roughness (kn) 3.17 cm (~2η) above the crest and 1.38 cm (~η) 
above the trough, which is less than the result for flow over triangular bars aligned 
perpendicular to the flow (12η). In addition, it was found that the mean z0c value at 
the trough (0.046 cm) is almost within the accuracy of the mean z0c value at the crest 
(0.106 ± 0.059 cm). 
 
Table 4.10.  Bed Roughness (z0c) and Shear Velocity (u*c) for flow over triangular 
bars aligned parallel to the flow  
 
z0c ln z0c u*c R2 No. of Points 2δc /3
(cm) (cm/s) used in log fit (cm)
Crest
x = 4m y = 30cm 0.182 -1.71 1.67 0.995 3 5.8
x = 5m y = 20cm 0.067 -2.70 1.19 0.968 5
x = 5m y = 30cm 0.125 -2.08 1.40 0.956 5
x = 5m y = 40cm 0.028 -3.57 1.06 0.923 4
x = 6m y = 30cm 0.127 -2.07 1.42 0.828 6 13.2
0.106 -2.42 1.35 0.934
0.059 0.73 0.23 0.065
Trough
x = 4m y = 25cm 0.043 -3.14 1.21 0.920 3
x = 4m y = 35cm 0.025 -3.71 1.08 0.991 3
x = 5m y = 25cm 0.033 -3.41 1.09 0.889 5
x = 5m y = 35cm 0.082 -2.50 1.31 0.957 5
Mean (trough) 0.046 -3.19 1.17 0.939
Std. Deviation (trough) 0.025 0.51 0.11 0.044
0.079 -2.76 1.27 0.936




Mean (crest and trough)






These results also indicate that the bed roughness (z0c) and shear velocity (u*c) 
in this experiment (Table 4.10) are larger than those of experimental results for flow 
over smooth glass bed (Table 4.1). This could be due to the drag force component 
along the side of the bars. The variability of the measured velocity profiles was 
further investigated based on the 95% confidence intervals of the semi-logarithmic 
plot of ln(z) vs u (Table 4.11). 
 
Table 4.11.  95% confidence intervals for shear velocity (u*c) for flow over 
triangular bars aligned parallel to the flow. 
 
u*c
(cm/s) u*c min. est. u*c max. est.
(cm/s) (cm/s)
Crest
x = 4m y = 30cm 1.67 1.38 2.12
x = 5m y = 20cm 1.19 0.90 1.78
x = 5m y = 30cm 1.40 1.01 2.29
x = 5m y = 40cm 1.06 0.64 3.03
x = 6m y = 30cm 1.42 0.87 3.87
Trough
x = 4m y = 25cm 1.21 0.75 3.09
x = 4m y = 35cm 1.08 0.83 1.54
x = 5m y = 25cm 1.09 0.67 3.03
x = 5m y = 35cm 1.31 0.95 2.12
1.27 0.89 2.54



































Figure 4.18. Semi-logarithmic plot of the velocity profiles above the trough at 5m 
downstream of the honeycomb outlet for flow over triangular bars with 
10 cm spacing aligned parallel to the flow at elevation of z ≤ 2cm  
 
Figure 4.18 shows the semi logarithmic plot of measured velocities at elevation 
z ≤ 2 cm to investigate the condition of the flow close to the trough. The bed 
roughness ([zoc]m) and shear velocity ([u*c]m) obtained from the velocity profiles at z 
≤ 2 cm are presented in Table 4.12. The bed roughness values calculated assuming 
the flow to be smooth turbulent are also given in Table 4.12 and they give a mean 
value of calculated bed roughness, ([zoc]c), 0.0018 cm, with a standard deviation ± 
0.0001 cm. The calculated bed roughness values ([zoc]c) are much larger than the 
measured bed roughness ([zoc]m). Therefore, the bed roughness obtained from the 
measured velocity profiles over troughs at elevation z ≤ 2 cm of has no meaning.  
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Table 4.12.  Bed Roughness (z0c) and Shear Velocity (u*c) for Flow over 
Triangular Bars Aligned Parallel to the Flow for z ≤ 2 cm. 
 
[z0c]m ln z0c [u*c]m R2 No. of Points [z0c]c=ν/9u*c [z0c]m/[z0c]c
(cm) (cm/s) used in log fit (cm) (cm)
x = 5m y = 25cm 0.0002 -8.52 0.53 0.9693 3 0.0017 0.1196
x = 5m y = 35cm 0.00008 -9.43 0.48 0.9996 3 0.0018 0.0433
0.00014 -8.98 0.51 0.9845 0.0018 0.0814






4.1.6. Flow over triangular bars aligned parallel to the flow with gravel placed 
between the bars (Run FG//) 
The previous experimental setting for flow in direction parallel to the triangular 
bars was used again and a layer of gravel was laid between the bars. The diameter of 
the gravels is 3 – 6 mm (Figure 3.2 [f]). Velocity profiles were measured at the same 
locations as in the preceding experiment (Figure 4.19). Figure 4.20 shows the 
velocity profiles at 5m downstream of the honeycomb outlet. The velocity profiles at 








Figure 4.19. Measurement location for flow over triangular bars aligned parallel to 
the flow with gravel placed between the bars. 
triangular bars (10cm spacing) 3m d/s
1 m1 m1 m0.5m
: measurement location
flow















Figure 4.20.  Velocity profiles at x=5m downstream of the honeycomb outlet for 
flow over triangular bars aligned parallel to the flow with gravel 
placed  between the bars. (y=20cm [crest]; y=25cm [trough]; y=30cm 
[crest at centerline]; y=35cm [trough]; y=40cm [crest]) 
 
The velocity profiles in Figure 4.20 appear to be almost independent of the y 
location at z more than 10 cm. However, at location below z = 10cm, it is obvious 
that the measured velocities at the troughs are larger than measured velocities above 
the crests. This dependency on location relative to trough and crest is more 
pronounced here than for flow in direction of the triangular bars without gravel.  
It was found that the average gravel layer thickness (h) was 0.87 cm. It was 
decided to use 0.7 h (~0.6 cm) above the glass bed i.e. 0.3 h below the average gravel 
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then plotted semi-logarithmically with ln (z) vs u. To decide on the points to be used 
in the least square fit for the semi-logarithmic plot, (i.e. ln(z) vs u), an initial 
assessment on the points to be included was made after studying the velocity 
profiles. This would allow for the first estimate of z0c which is then used to estimate 
the rough turbulent boundary layer thickness cδ  from the flat plate theory 
(Schlichting, 1979 by assuming the flow to be rough turbulent (kn = 30z0c)). The 
development of the boundary layer thickness over the first 3 m downstream of the 
honeycomb was neglected and the boundary layer thickness over the rough plate was 
considered to start from where the roughness elements were introduced. Considering 
the approximations involved in this calculation, it was decided to use points between  
3/24.2 czcm δ<<  above the theoretical bottom for the least square fit for the semi-
log plots. This procedure can be done iteratively until a reasonably constant value of 
z0c is obtained. The detailed calculations are shown in Appendix B.6. Figure 4.21 
shows the semi-logarithmic plot of the velocity profiles at x = 5 m. 
Figure 4.21 shows that measured velocities at 10 cm above the bed are almost 
independent of the y location. However, for the velocity profiles below z = 10 cm, 
the profiles are not independent to the location of crest and trough. The intercepts of 
the best fit line of Figure 4.21 give the bed roughness experienced by the current 
(z0c).  The roughness values above the crest (y = 20cm, y = 30cm and y = 40cm) are 
larger than those above the trough (y = 25cm and y = 35cm). The complete results of 

















Figure 4.21 Semi-logarithmic plot of the velocity profiles at x=5m for flow over 
triangular bars aligned parallel to the flow with gravel placed between 
the bars (y=20cm [crest]; y=25cm [trough]; y=30cm [crest at 
centerline]; y=35cm [trough]; y=40cm [crest]) 
 
There is a significance difference between the mean values of z0c, ln z0c and u*c 
above the crest and those above the trough. Therefore, the results from velocity 
profiles above the crest and above the trough are analyzed separately. This difference 
is probably due to the insufficient distance for the boundary layer in the flow over the 
gravel portion and over the crest portion to develop sufficiently to merge at some 
elevation. The statistical analysis in Table 4.13 shows that the mean value of bed 
roughness (z0c) at the crest is 0.162 cm with a coefficient of variation of 19.1% and 
the mean value of bed roughness (z0c) at the trough is 0.015 cm with a coefficient of 
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Table 4.13.  Bed roughness (z0c) and shear velocity (u*c) of flow over triangular bars 
aligned parallel to the flow with gravel placed between the bars  
 
z0c ln z0c u*c R2 No. of Points 2δc /3
(cm) (cm/s) used in log fit (cm)
Crest
x = 4m y = 30cm 0.119 -2.13 1.42 0.992 4 5.8
x = 5m y = 20cm 0.202 -1.60 1.57 0.986 5
x = 5m y = 30cm 0.169 -1.78 1.49 0.975 5
x = 5m y = 40cm 0.175 -1.74 1.54 0.950 5
x = 6m y = 30cm 0.145 -1.93 1.39 0.990 6 13.3
0.162 -1.84 1.48 0.978
0.031 0.20 0.08 0.017
Trough
x = 4m y = 25cm 0.023 -3.79 1.04 0.992 4
x = 4m y = 35cm 0.029 -3.55 1.13 0.965 4
x = 5m y = 25cm 0.008 -4.78 0.85 0.961 5
x = 5m y = 35cm 0.011 -4.49 0.90 0.980 5
x = 6m y = 25cm 0.014 -4.28 0.90 0.970 6
x = 6m y = 35cm 0.008 -4.84 0.83 0.960 6
0.015 -4.29 0.94 0.971
0.008 0.53 0.12 0.013
Mean (crest and trough) 0.082 -3.17 1.19 0.975













The presence of the gravel layer reduced the effective height of the roughness 
elements. It was found through profiling that the average height of the gravel layer 
above the glass bottom was 0.87 cm. The height of the crest above the glass bottom 
was 1.5 cm and this would give an average protrusion height of the crest above the 
average height of the gravel (η1) of 0.63 cm. According to Jackson (1981), the 
theoretical bottom would be 0.7 x gravel height (i.e. 0.61 cm). This would give the 
protrusion height of the crest above the theoretical bed (η2) of 0.89 cm.  Multiplying 
the mean bed roughness above the crest by 30 gives the equivalent Nikuradse sand 
grain roughness (kn) 4.86 cm. The roughness above the crest could be expressed as kn 
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≈  7.7 η1 and kn ≈  5.5 η2. Further, a strange result was found for the kn values above 
the trough, 0.46 cm (~d), which is less than the one for flow over a bed with just the 
gravel bed (1.22 cm) and flow over troughs for a bed with just the bars placed 
parallel to the flow (1.38 cm). Therefore, it might be concluded that the experimental 
results for flow in direction parallel to the roughness bars either with or without 
gravel were not reliable in term of z0c values. The variability of the measured 
velocity profiles was further investigated based on the 95% confidence intervals of 
the semi-logarithmic plot of ln(z) vs u (Table 4.14). 
 
Table 4.14.  95% confidence intervals of shear velocity (u*c) for flow over 


















u*c min. est. u*c max. est.
(cm/s) (cm/s)
Crest
x = 4m y = 30cm 1.42 1.11 1.97
x = 5m y = 20cm 1.57 1.29 2.01
x = 5m y = 30cm 1.49 1.15 2.12
x = 5m y = 40cm 1.54 1.02 3.18
x = 6m y = 30cm 1.39 1.22 1.61
Trough
x = 4m y = 25cm 1.04 0.82 1.44
x = 4m y = 35cm 1.13 0.71 2.68
x = 5m y = 25cm 0.85 0.62 1.35
x = 5m y = 35cm 0.90 0.72 1.22
x = 6m y = 25cm 0.90 0.72 1.20









4.2. Basin Experiments 
4.2.1. Flow over flat concrete bed (Run BS) 
This is a preliminary experiment to investigate the uniformity of the flow. A 
Nortek Acoustic Doppler Velocimeter (ADV) was used to measure the three velocity 
components u, v and w in the respective x, y and z directions. The acoustic sensor 
was mounted on top of the carriage. The measurements were taken with the sampling 
rate 25 Hz at a sampling duration of 3 minutes.  In this particular experiment, the 
sampling volume of the ADV is approximately 7 mm diameter and 6 mm height.  
The purpose of this experiment is to find the region of uniform flow in the 
current channel and to find out whether the guide plates served the purposed they 
were intend for – to avoid spreading of the current stream as it leaves the 
honeycomb. Velocity profiles were taken at three cross sections at 3 m, 3.5 m and 4.5 
m downstream the honeycomb filter. At each cross section, velocity profiles were 
taken at seven locations, viz  y=1m (centerline); y=0.2 m, 0.4 m and 0.6 m on both 
sides of the centerline (Figure 4.22). For each velocity profile, measurements were 
























Figure 4.22.  Locations of the velocity profile measurement for flow over flat 
concrete bed 
 
Depth averaged velocities along the current direction were then computed from 
the velocity profiles for the downstream u-component (Figure 4.23). It was found 
that the depth averaged velocity was relatively uniform across the channel from y = 
0.6 m to y = 1.4 m. The guide vanes were put in place to prevent ‘spreading’ of the 
current when it left the honeycomb.  The tendency to spread was assessed by taking 
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(Figure 4.24).  It is found that the depth averaged α values, denoted by α ,  for the 
profiles at locations between y = 0.6 m and 1.4 m for x = 3 m and x = 5 m  were 
small – of the order of α  < 5°.  Therefore, it was decided to use the region from y = 
0.5 m and y = 1.5m across the current channel and from x = 3 m to x = 5 m along the 









Figure 4.23. Depth averaged velocities across the current channel at sections 3 m, 
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4.2.2. Flow over roughness bars at 30° angle to the flow with guide plates (Run 
B30GP) 
Two vectrino velocimeters were mounted 1 m apart on top of the carriage to 
permit two measurement location at a time. The measurements were taken with the 
sampling duration of 3 minutes at a sampling rate of 200 Hz. The horizontal velocity 
range was set to 44 cm/s and the vertical velocity range was set to 13 cm/s. Similar to 
the flume experiments, to control the data quality, the measured velocities that have 
2'u >3.5 cm/s or 2'v  >3.5 cm/s or 2'w >3.5 cm/s were discarded for all of 
the velocity components (x, y and z direction). The noise in the data could be due to 
the reflection from the triangular bars used for the roughness elements. The flow rate 
was maintained at 90 l/s and the water depth was 40 cm. For the basin experiments, 
the concrete bottom was chosen as the origin of the z axis (z=0). The concrete 
bottom of the current channel was covered by artificial roughness elements that 
consisted of right-angled triangular bars placed as inverted Vs with a height of 1.5 
cm at angles of 30° to the flow. They were placed at regular crest to crest spacing (λ) 
of 10 cm. 
 
4.2.2.1. Velocity profiles and roughness in direction of channel 
 Velocity profile measurements were taken at three cross sections; 3m, 4m and 
5m downstream of the honeycomb filter. Each cross section consisted of 5 stations; 
on the centerline and 0.25 m, 0.5 m on both sides of the centerline. At each station 
one profile was taken above the crest and two profiles at the adjacent troughs. The 
measurement points are shown in Figure 4.25 and their exact coordinate are tabulated 
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in Table 4.15. The measurements were taken roughly from z = 0.5 cm above the 
trough for measurements at the troughs and z = 2 cm for measurements above the 
crest. Figure 4.26 shows the velocity profile at the centerline of the current channel at 
x = 5m downstream of the honeycomb outlet. The detailed measurement results are 























Figure 4.25. (a) Locations of the velocity profile measurement  (b) Location of the 
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x (m) y (m) x (m) y (m)
1A 3 1.61 11A 5 1.61
1B 3 1.55 11B 5 1.55
1C 3 1.49 11C 5 1.49
2A 3 1.26 12A 5 1.26
2B 3 1.20 12B 5 1.20
2C 3 1.14 12C 5 1.14
3A 3 1.03 13A 5 1.03
3B 3 0.97 station y = 1m 13B 5 0.97 station y = 1m
3C 3 0.91 (Center) 13C 5 0.91 (Center)
4A 3 0.80 14A 5 0.80
4B 3 0.74 14B 5 0.74
4C 3 0.68 14C 5 0.68
5A 3 0.57 15A 5 0.57
5B 3 0.51 15B 5 0.51
5C 3 0.45 15C 5 0.45
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station y = 0.5m
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Figure 4.26.  Velocity profile at the centerline of the current channel 5 m 
downstream of the honeycomb outlet for flow over triangular bars 
placed at angles of 30° to the flow. 
 
The velocity profiles were then plotted semi-logarithmically with ln (z) vs u. 
To decide on the points to be used in the least square fit for the semi-logarithmic 
plot, (i.e. ln(z) vs u), an initial assessment on the points to be included was made 
after studying the velocity profiles. This would allow for the first estimate of z0c 
which is then used to estimate the rough turbulent boundary layer thickness cδ  from 
the flat plate theory. Considering the approximations involved in this calculation, it 
was decided to use 2/3 of the δc values in selecting points for the logarithmic fit. 
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semi-log plots. This procedure can be done iteratively until a reasonably constant 
value of z0c is obtained. The results are listed in Table 4.16. The detailed calculations 
are shown in Appendix B.7. 
Figure 4.27. shows the semi-logarithmic plot of ln (z) vs u at the centerline of 
5m downstream the honeycomb outlet. The detailed results for the bed roughness 



























Figure 4.27.  Semi-logarithmic plot of the velocity profile at the centerline of the 
current channel at 5 m downstream of the honeycomb outlet for flow 
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Table 4.16.  Bed roughness (z0c) and shear velocity (u*c) of flow in direction 30° to 























z0c ln z0c u*c R2 No. of Points 2δc/3
(cm) (cm/s) used in log fit (cm)
Crest
1B 0.0378 -3.28 0.804 0.911 9
2B 0.0329 -3.41 1.062 0.971 13
3B 0.0170 -4.07 0.878 0.966 13
4B 0.0066 -5.02 0.700 0.988 12
5B* 0.0004 -7.82 0.424 0.867 12
6B 0.0560 -2.88 0.873 0.922 11
7B 0.0855 -2.46 1.261 0.961 14
8B 0.0429 -3.15 1.010 0.956 14
9B 0.0040 -5.52 0.645 0.941 14
10B* 0.0001 -9.21 0.374 0.879 12
11B 0.1618 -1.82 1.097 0.950 14
12B 0.1159 -2.16 1.150 0.983 15
13B 0.0564 -2.88 1.032 0.938 15
14B 0.0818 -2.50 1.037 0.986 15
15B 0.0166 -4.10 0.733 0.899 12
Mean (crests) 0.0550 -3.33 0.945 0.952
Std. Deviation (crests) 0.0462 1.09 0.188 0.028
Trough
1A 0.0671 -2.70 0.882 0.892 9
1C* 0.2221 -1.50 1.403 0.953 11
2A 0.0559 -2.88 1.179 0.955 13
2C 0.0451 -3.10 1.126 0.963 12
3A 0.0178 -4.03 0.939 0.955 13
3C 0.0089 -4.72 0.780 0.975 13
4A 0.0048 -5.34 0.656 0.930 11
4C 0.0021 -6.17 0.567 0.945 12
5A* 0.0009 -7.01 0.467 0.930 10
5C* 0.0007 -7.26 0.434 0.859 10
6A* 0.3248 -1.12 1.298 0.927 13
6C 0.1828 -1.70 1.277 0.948 12
7A 0.0754 -2.58 1.210 0.964 14
7C 0.0227 -3.79 0.937 0.948 14
8A 0.0214 -3.84 0.951 0.939 14
8C 0.0255 -3.67 0.906 0.951 14
9A 0.0114 -4.47 0.735 0.922 14
9C 0.0045 -5.40 0.625 0.869 14
10A 0.0027 -5.91 0.523 0.854 11
10C* 0.0003 -8.11 0.377 0.532 12
11A 0.0967 -2.34 0.905 0.917 15
11C 0.1368 -1.99 1.127 0.979 15
12A 0.1260 -2.07 1.204 0.981 15
12C 0.1228 -2.10 1.182 0.979 15
13A 0.0833 -2.49 1.049 0.957 15
13C 0.0486 -3.02 0.994 0.972 15
14A 0.1241 -2.09 1.162 0.974 15
14C 0.0825 -2.49 1.050 0.972 15
15A 0.0211 -3.86 0.792 0.914 13
15C 0.0111 -4.50 0.674 0.862 13
Mean (troughs) 0.0560 -3.49 0.937 0.941
Std. Deviation (troughs) 0.0515 1.31 0.221 0.038
Mean (crests and troughs) 0.0557 -3.43 0.940 0.944
Std. Deviation (crests and troughs) 0.0491 1.23 0.208 0.035









As can be seen in Table 4.16, the bed roughness (z0c) at the trough at locations 
1C and 6A showed some inexplicably high values. Therefore, they were not 
considered for further analysis. The bed roughness (z0c) and shear velocity (u*c) at 
locations of 5A, 5B, 5C, 10B and 10C indicated some low values. Associated with 
the average shear velocity (u*c = 0.94 cm/s)), those values were less than the value of 
the calculated zoc for smooth turbulent flow ([z0c]c=ν/9u*c=0.00095 cm) and were 
therefore discarded from statistical analysis. It might be concluded from this that 
only the locations along y = 0.75 m to y = 1.5 m give uniformity in terms of bed 
roughness (z0c) and shear velocity (u*c). 
Statistical analysis of the data shows that the mean value of the bottom 
roughness (z0c) above the crests is 0.055 cm with a coefficient of a variation of 0.84, 
and the mean value of the bottom roughness (z0c) above all the troughs is 0.056 cm 
with a coefficient of variation of 0.92. The mean value of the shear velocity (u*c) 
above the crests  and the troughs are  0.945 cm/s with a coefficient of variation of 
0.20 and 0.937 cm/s with a coefficient of variation of 0.24, respectively. These 
results show that there is no significant difference between the bottom roughness 
above the crest and that above the trough. Therefore, the bottom roughness (z0c) and 
shear velocity (u*c) are independent of the location of crest and trough. These results 
also show the greater variability in the bed roughness estimates than the shear 
velocity estimates. 
In the flume experiments, it was found that the roughness (kn) was 12η  for the 
resolved flow in the direction perpendicular to roughness bars and was 1.5η for the 
resolved flow in direction parallel to roughness bars. For the experiments of flow 
over triangular bars at angle of 30° to the incident flow in the wave basin, 
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multiplying the bed roughness by 30 gives the equivalent Nikuradse sand grain 
roughness (kn) 1.67 cm (~η). It is less than the roughness for flow in direction 
parallel to roughness bars. This could be because the experiments were performed in 
the different environment, e.g. the basin has wider current channel (2m) with no side 
wall. The 95% confidence levels for the bed shear velocities at all the measurement 
locations are shown Table 4.17. and the overall mean bed shear velocity is found to 




































Table 4.17.  95% confidence intervals for shear velocity (u*c) for flow in direction 

























(cm/s) u*c min. est. u*c max. est.
(cm/s) (cm/s)
Crest
1B 0.804 0.629 1.116
2B 1.062 0.952 1.200
3B 0.878 0.781 1.003
4B 0.700 0.648 0.760
5B* 0.424 0.332 0.586
6B 0.873 0.716 1.119
7B 1.261 1.119 1.446
8B 1.010 0.889 1.168
9B 0.645 0.557 0.766
10B* 0.374 0.243 0.808
11B 1.097 0.968 1.267
12B 1.150 1.002 1.349
13B 1.032 0.894 1.219
14B 1.037 0.968 1.116
15B 0.733 0.593 0.959
Trough
1A 0.882 0.629 1.116
1C* 1.403 1.162 1.768
2A 1.179 1.030 1.378
2C 1.126 0.990 1.305
3A 0.939 0.822 1.097
3C 0.780 0.706 0.873
4A 0.656 0.543 0.828
4C 0.567 0.483 0.687
5A* 0.467 0.381 0.603
5C* 0.434 0.277 1.008
6A* 1.298 1.094 1.596
6C 1.277 1.097 1.529
7A 1.210 1.080 1.377
7C 0.937 0.817 1.100
8A 0.951 0.820 1.132
8C 0.906 0.889 1.168
9A 0.735 0.621 0.900
9C 0.625 0.502 0.827
10A 0.523 0.399 0.760
10C* 0.377 0.213 1.643
11A 0.905 0.767 1.104
11C 1.127 1.036 1.236
12A 1.204 1.112 1.313
12C 1.182 1.072 1.316
13A 1.049 0.738 1.811
13C 0.994 0.902 1.107
14A 1.162 1.059 1.287
14C 1.050 0.946 1.180
15A 0.792 0.658 0.995
15C 0.674 0.533 0.918
Mean 0.940 0.815 1.127
Standard Deviation 0.208 0.206 0.237





4.2.2.2. Turning of velocity vector along the channel 
For the experiments of flow over triangular bars placed at angles of 30° to the 
incident flow, the flow near the bottom were affected by the triangular bars. The 
turning angles of the flow were investigated with the use of velocity in the x 





varc tan α        (4.3) 
where α is the turning angles (°). 
Figure 4.28 indicates that roughly below z = 10 cm, the velocity angles are 
negative. It was directed by the triangular bars that are placed 30° to the main flow. 
The results show that the velocity vector turns from near-parallel to the crest line to 
the main flow direction as the distance above the bottom increases. Table 4.18 shows 
the average turning angles considering the measurement locations at elevation of z = 

































Figure 4.28.  The turning angles (α) at the centerline of the current channel at (a) x = 






















































Table 4.18.  The turning angles (α) for flow over triangular bars placed 30° to the 




















As can be seen from Table 4.18, there is no significant turning tendency of the 




vtan 1-α ] above elevation z = 3 cm (zmin).  The α values are 
almost the same above the crest and above the trough. Therefore, at elevation of z = 
3 cm, the flow direction is independent of the location of crest and trough. However, 
Crest Trough
1B -5.6 6A -5.8
2B -10.3 6C -4.6
3B -8.1 7A -5.4
4B -10.5 7C -6.8
5B -11.5 8A -7.8
6B -7.1 8C -8.7
7B -7.6 9A -8.8
8B -9.5 9C -8.6
9B -8.7 10A -8.9
10B -10.5 10C -9.4
11B -5.5 11A -6.3
12B -9.7 11C -5.6
13B -9.6 12A -7.9
14B -9.9 12C -9.3
15B -8.1 13A -8.8
13C -10.0
Trough 14A -9.7
1A -7.4 14C -9.5
1C -7.2 15A -8.8










in Table 4.18, the α values at the crest and trough at location 1, 6 and 11 are found to 
be less than the α values for other locations. Therefore, it is concluded that only the 
region bounded byf 0.5m ≤ y ≤ 1.25m at 3m ≤  x ≤ 5m give uniformity in terms of 
direction of the flow. 
 
4.2.2.3. Velocity profiles and roughness resolved in direction perpendicular to the 
ripple axis. 
The velocity components measured in the x direction (u) and the velocity 
components measured in the y direction (v) can be resolved into the velocity profiles 
perpendicular to the roughness bar axis (u⊥). The u⊥ can be expressed as 
θθ cossin vuu +=⊥        (4.4) 











Figure 4.29. Sketch of the velocity components 
u
v
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Figure 4.30. shows the velocity profile u⊥  at the centerline of the current 
channel, 5m downstream of the honeycomb outlet. The detailed data are tabulated in 
Appendix A.2.2. It is shown that the measured velocities resolved perpendicular to 
the bars give a much more consistent velocity profiles than the one in the main 
direction (Figure 4.26). It was found that taking the average of the measurements at 
each elevation and regarding the deviation from the average as a random error results 
in a standard deviation ranging from 0.01 cm/s to 0.34 cm/s. This variability is 
comparable to the variability of individual measurements associated with the 














Figure 4.30.  Velocity profiles of ⊥u  for crest and trough positions nearest to 
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The semi-logarithmic velocity profiles for ⊥u  were then plotted for all 
measured locations. The points included in the semi-logarithmic fit were from the 
same elevation limits as those used for u. Figure 4.31. shows that the logarithmic fit 
lines give almost identical bed roughness (z0c⊥) and shear velocity (u*c⊥) for 















Figure 4.31.  Semi-Logarithmic Plot of velocity profiles of ⊥u  for crest and trough 
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Table 4.19.  Bed roughness (z0c⊥) and shear velocity (u*c⊥) for triangular bars 

























z0cٛ ln z0c u*cٛ R2 No. of Points
(cm) (cm/s) used in log fit
Crest
1B 0.341 -1.08 0.63 0.861 9
2B 0.497 -0.70 0.91 0.979 13
3B 0.294 -1.22 0.76 0.971 13
4B 0.392 -0.94 0.71 0.990 12
5B* 0.267 -1.32 0.52 0.980 12
6B 0.352 -1.04 0.66 0.958 11
7B 0.559 -0.58 1.04 0.968 14
8B 0.539 -0.62 0.91 0.977 14
9B 0.341 -1.08 0.75 0.977 14
10B* 0.300 -1.20 0.58 0.946 12
11B 0.684 -0.38 0.87 0.945 14
12B 0.964 -0.04 1.08 0.991 15
13B 0.671 -0.40 0.98 0.983 15
14B 0.721 -0.33 0.93 0.987 15
15B 0.449 -0.80 0.75 0.974 12
Mean (crests) 0.523 -0.71 0.85 0.966
Std. Deviation (crests) 0.195 0.36 0.15 0.034
Trough
1A 0.300 -1.20 0.57 0.879 9
1C* 0.644 -0.44 0.88 0.956 11
2A 0.410 -0.89 0.85 0.970 13
2C 0.447 -0.81 0.88 0.983 12
3A 0.296 -1.22 0.75 0.958 13
3C 0.256 -1.36 0.71 0.988 13
4A 0.296 -1.22 0.64 0.972 11
4C 0.273 -1.30 0.59 0.967 12
5A* 0.187 -1.68 0.48 0.961 10
5C* 0.221 -1.51 0.48 0.968 9
6A* 1.149 0.14 1.04 0.904 13
6C 0.628 -0.46 0.93 0.977 12
7A 0.418 -0.87 0.94 0.966 14
7C 0.424 -0.86 0.90 0.952 14
8A 0.317 -1.15 0.83 0.961 14
8C 0.495 -0.70 0.87 0.983 14
9A 0.410 -0.89 0.78 0.971 14
9C 0.329 -1.11 0.69 0.966 14
10A 0.299 -1.21 0.61 0.988 11
10C* 0.284 -1.26 0.56 0.969 12
11A 0.462 -0.77 0.70 0.919 15
11C 0.571 -1.99 1.13 0.974 15
12A 0.805 -0.22 1.05 0.990 15
12C 0.888 -0.12 1.05 0.985 15
13A 0.702 -0.35 0.92 0.983 15
13C 0.715 -0.34 0.98 0.992 15
14A 0.870 -0.14 1.04 0.988 15
14C 0.644 -0.44 0.90 0.975 15
15A 0.414 -0.88 0.76 0.964 13
15C 0.407 -0.90 0.71 0.940 13
Mean (troughs) 0.483 -0.86 0.83 0.968
Std. Deviation (troughs) 0.192 0.44 0.16 0.025
Mean (crests and troughs) 0.497 -0.81 0.84 0.967
Std. Deviation (crests and troughs 0.191 0.42 0.15 0.028
*Not considered in overall mean and standard deviation (same location as for flow in the main direction)
Location
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Table 4.19 shows the bed roughness (z0c⊥) and shear velocity (u*c⊥).  The 
average bed roughness for (z0c⊥) above the crest is 0.523 cm with a coefficient of 
variation of 37.2%. The average shear velocity u*c⊥ for the crest locations is 0.85 
cm/s with a coefficient of variation of 17.6%. It also shows that the average bed 
roughness for (z0c⊥) above the trough is 0.483 cm/s with a coefficient of variation of 
40% whilst the average shear velocity (u*c⊥) is 0.83 cm/s with a coefficient of 
variation of 19.2%. These results suggest that the bed roughness (z0c⊥) and shear 
velocity (u*c⊥) are independent of the location of the crest and the trough. The 
average value of the bed roughness for all the velocity profiles (z0c⊥ = 0.497 cm) is 
larger than that for flow in the main direction (z0c = 0.0557 cm). It is not surprising 
since if the current is incident at an angle to the ripples, the flow effectively 
encounters a less steep ripple than in the case of normal incident. Flow separation is 
reduced, producing a smaller resistance force acting on the fluid. Therefore, in this 
case the bed roughness is smaller than the one for the case of perpendicular 
incidence. 
In Table 4.20, the average bed roughness for the resolved velocity profiles in 
the direction perpendicular of the ripple axis at the centerline of the current channel 
in the basin (~0.476 cm) is 75% of the average bed roughness obtained from 
experiments for flow over triangular bars placed perpendicular to the flow direction 
at the centerline of the flume (~0.632 cm). This might be due to the uneven bottom in 
the basin and gaps below the bars would cause a reduction in drag force associated 
with a leaky bar. However, the average z0c value obtained from the flume 
experiments is still within the accuracy of the average z0c⊥ value obtained from the 
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basin experiments (0.476 ± 0.19 cm). Barrantes and Madsen (2000) performed 
experiments for flow over equally spaced triangular bars placed at angle of 30° to the 
incident flow in the flume. The velocity profiles were then resolved perpendicular to 
the ripple axis. The results of their experiments are not exactly in agreement with the 
basin experimental results. However, both experimental results show the same order 
of magnitude (Table 4.20). It was found that the bed roughness was 0.32 cm, which 
is again within the accuracy of basin experimental results (0.476 ± 0.19 cm). A  
possible reason is that Barrantes’ experiments were limited by the width of the 
flume. On the basis of this analysis, the experimental results from the basin 
experiments are comparable with two other experiments explained above as shown in 
Table 4.20. 
  
Table 4.20.  Comparison of the averaged bed roughness in direction perpendicular to 




1 Results from the basin experiments (Table 4.19)
(velocities were resolved in direction perpendicular to the ripple axis)
Average value of the z0c⊥ at the centerline of the flume, y = 1m 0.476 14.3
Standard deviation of the z0c⊥ at the centerline of the flume, y = 1m 0.190
2 Results from the flume experiments (Table 4.5)
(flow perpendicular to the ripple axis)
Average value of the z0c⊥ at the centerline of the flume, y = 30cm 0.632 19.0
Standard deviation of the z0c⊥ at the centerline of the flume, y = 30cm 0.118
3 Result from Barrantes and Madsen (2000) 
(velocity were resolved in direction perpendicular to the ripple axis)






4.2.2.4. Velocity profiles and roughness resolved in direction parallel of the ripple 
axis. 
The velocity components measured by the ADV are u measured in the x 
direction, which is also the direction of flow, and v in the y direction.  u and v can be 
transformed into the components parallel to the crest line of the triangular bars  (uװ) 
using transformation 














Figure 4.32.  Velocity profiles of u// for crest and trough positions nearest to 
centerline at location of  5m downstream of the honeycomb outlet. 
 
 
The detail orientation of the coordinate system is shown in Figure 4.29. The velocity 
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channel 5m downstream of the honeycomb outlet is shown in Figure 4.32. The 
velocity data resolved along the axis of the triangular bars are presented in Appendix 
A.2.3 for all profiles. 
The velocity profiles u// were then plotted semi-logarithmically of ln z vs u// for 
all locations to obtain the bed roughness (z0cװ ) and shear velocity (u*cװ ). The 
boundary layer thickness is assumed to be the same as the analysis for the velocity 














Figure 4.33. Semi logarithmic plot of the velocity profiles of u// with velocities 
resolved in the direction parallel to the axis of the triangular bars at 
locations nearest the crest and trough at the centerline 5 m downstream 
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The bed roughness and shear velocity in direction parallel to the ripple axis 
(z0cװ , u*cװ ) at location of 1C and 6A showed some inexplicably high values. 
Moreover, the bed roughness and shear velocity in direction parallel to the ripple axis 
(z0cװ , u*cװ ) at location of 3C, 4A, 4B, 4C, 5A, 9A, 9B, 9C, 15A, 15B and 15C give 
very low values. Associated with the average shear velocity (u*c = 0.66 cm/s), those 
values were less than the value of the calculated zoc for smooth turbulent flow 
([z0c]c=ν/9u*c=0.00136 cm) and were therefore discarded from statistical analysis. 
Some of the values at location of y = 0.5 m (5B, 5C, 10A, 10B and 10C) do not fit 
with the logarithmic law. Therefore, they were also not considered in the analysis.  
All the results for z0cװ and u*cװ  are presented in Table 4.21. The result shows 
that the average value of z0cװ above the crests is 0.0184 cm with a coefficient of 
variation of 105% and the average value of u*cװ above the crest is 0.69 cm/s with a 
coefficient of variation of 11.5%. The results also show that the average value of z0cװ 
above the troughs to be 0.0261 cm with a coefficient of variation of 87.3% and the 
average value of u*cװ is 0.75 cm with a coefficient of variation of 20%. These results 
suggest that the average value of z0cװ above the crests is statistically within the 
accuracy of the average of z0cװ above the troughs. The average value of z0cװ for all 
the velocity profiles is 0.0232 cm with a coefficient of variation of 20%. For this 
experiment, multiplying this average bed roughness by 30 gives the equivalent 






Table 4.21.  Bed roughness (z0c//) and shear velocity (u*c//) for flow over triangular 

























z0cװ ln z0cװ u*c R2 No. of Points
(cm) (cm/s) used in log fit
Crest
1B 0.0108 -4.53 0.58 0.921 9
2B 0.0050 -5.30 0.72 0.946 13
3B 0.0027 -5.91 0.60 0.924 13
4B* 0.0002 -8.52 0.42 0.939 12
5B+ --- --- --- --- ---
6B 0.0228 -3.78 0.65 0.868 11
7B 0.0236 -3.75 0.86 0.949 14
8B 0.0060 -5.12 0.65 0.921 14
9B* 0.0002 -8.52 0.40 0.950 14
10B+ --- --- --- --- ---
11B 0.0687 -2.68 0.78 0.939 14
12B 0.0216 -3.84 0.73 0.942 15
13B 0.0080 -4.83 0.66 0.855 15
14B 0.0144 -4.24 0.66 0.979 15
15B* 0.0011 -6.81 0.45 0.758 12
Mean (crests) 0.0184 -4.40 0.69 0.924
Std. Deviation (crests) 0.0193 0.94 0.08 0.038
Trough
1A 0.0353 -3.34 0.70 0.884 9
1C* 0.0867 -2.45 0.98 0.995 11
2A 0.0195 -3.94 0.88 0.934 13
2C 0.0130 -4.34 0.82 0.918 12
3A 0.0032 -5.74 0.67 0.934 13
3C* 0.0006 -7.42 0.50 0.947 13
4A* 0.0001 -9.21 0.40 0.855 11
4C* 0.00007 -9.57 0.36 0.797 11
5A* 0.00002 -10.82 0.29 0.790 10
5C+ --- --- --- --- ---
6A* 0.1580 -1.85 0.93 0.913 13
6C 0.0982 -2.32 0.96 0.913 12
7A 0.0289 -3.54 0.87 0.941 14
7C 0.0022 -6.12 0.59 0.904 14
8A 0.0300 -3.51 0.63 0.906 14
8C 0.0022 -6.12 0.56 0.886 14
9A* 0.0004 -7.82 0.43 0.810 14
9C* 0.0001 -9.21 0.43 0.929 14
10A+ --- --- --- --- ---
10C+ --- --- --- --- ---
11A 0.0390 -3.24 0.65 0.903 15
11C 0.0439 -1.99 1.13 0.963 15
12A 0.0330 -3.41 0.80 0.959 15
12C 0.0257 -3.66 0.76 0.964 15
13A 0.0178 -4.03 0.69 0.917 15
13C 0.0046 -5.38 0.60 0.912 15
14A 0.0294 -3.53 0.76 0.939 15
14C 0.0175 -4.05 0.69 0.959 15
15A* 0.0023 -6.07 0.51 0.815 13
15C* 0.0005 -7.60 0.41 0.693 13
Mean (troughs) 0.0261 -4.02 0.75 0.926
Std. Deviation (troughs) 0.0228 1.20 0.15 0.026
Mean (crests and troughs) 0.0232 -4.16 0.73 0.925
Std. Deviation (crests and troughs) 0.0215 1.11 0.13 0.030
*Not considered in overall mean and standard deviation (same location as for flow in the main direction)
+ The velocity profiles do not fit with the logarithmic law
Location
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1 Results from the basin experiments (Table 4.21)
(velocities were resolved in direction parallel to the ripple axis)
Average 0.023 0.7
Standard deviation 0.022
2 Results from the flume experiments (Table 4.10)
(flow parallel to the ripple axis)
a. Average (Crests) 0.106 3.2
    Standard deviation (Crests) 0.059
b. Average (Troughs) 0.046 1.4
    Standard deviation (Troughs) 0.025
c. Average (Crests and Troughs) 0.079 2.4




As can be seen in Table 4.22, the average bed roughness (z0cװ) obtained from 
the resolved velocity profiles parallel to the ripple axis is 0.023 cm, which is less 
than the one obtained from the flow parallel to roughness elements in the flume, 
0.079 cm. This difference in the result is probably due to the different flow 
environment in the two cases and the flume experimental results did not correspond 
to merged flow. However, the average z0cװ value obtained in the basin experiments 
(0.023 cm) is still within the accuracy of the average z0c װ  value obtained from the 
basin experiments at the troughs (0.046 ± 0.025 cm). 
 
4.2.3. Flow over triangular bars placed at angles of 30° to the incident flow without 
guide plates (Run B30) 
The two vectrino velocimeters were again utilized to measure the three velocity 
components in x, y and z direction. The sampling duration of the velocity 
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measurements is 3 minutes with the sampling rate of 200 Hz. The horizontal velocity 
range was again set to 44 cm/s and the vertical velocity range was set to 13 cm/s.  
 
4.2.3.1. Velocity Profiles and Roughness in the Direction of Channel 
The measurements of velocity profiles were taken at cross sections  at 4 m and 
5 m downstream of the honeycomb outlet. Each cross section consisted of 5 stations; 
at the center and 0.25 m, 0.5 m at either side from the center of the current channel 
(Figure 4.34). The exact locations of measurement points are tabulated in Table 4.23. 
At each station, two velocity profiles were taken - one above the nearest trough and 
another directly above the nearest crest. Figure 4.35 shows the velocity profiles at 
locations nearest the crest and trough at the centerline of the current channel at 5 m 
downstream from the honeycomb outlet. The detailed measurement results are 
































Figure 4.34  (a) Locations of Velocity Measurement for Flow Over Roughness Bars 
Placed at Angles of 30° to the Incident Flow without Wave Guide 
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Figure 4.35. Velocity profiles at crest and trough locations along the centerline of the 
flume at the general location of 5m downstream of the honeycomb 
outlet. (without guide plates) 
x (m) y (m) x (m) y (m)
1A 3 1.61 6A 5 1.61
1B 3 1.55 6B 5 1.55
1C 3 1.49 6C 5 1.49
2A 3 1.26 7A 5 1.26
2B 3 1.20 7B 5 1.20
2C 3 1.14 7C 5 1.14
3A 3 1.03 8A 5 1.03
3B 3 0.97 station y = 1m 8B 5 0.97 station y = 1m
3C 3 0.91 (Center) 8C 5 0.91 (Center)
4A 3 0.80 9A 5 0.80
4B 3 0.74 9B 5 0.74
4C 3 0.68 9C 5 0.68
5A 3 0.57 10A 5 0.57
5B 3 0.51 10B 5 0.51
5C 3 0.45 10C 5 0.45
station y = 0.5m station y = 0.5m
station y = 1.25m station y = 1.25m
station y = 0.75m station y = 0.75m
Coordinate
station y = 1.5m station y = 1.5m
Location Coordinate Location
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All of the velocity profiles were then plotted semi-logarithmically with ln (z) vs 
u. To decide on the points to be used in the least square fit for the semi-logarithmic 
plot, (i.e. ln(z) vs u), an initial assessment on the points to be included was made 
after studying the velocity profiles. This would allow for the first estimate of z0c 
which is then used to estimate the rough turbulent boundary layer thickness cδ  from 
the flat plate theory. Considering the approximations involved in this calculation, it 
was decided to use 2/3 of the δc values in selecting points for the logarithmic fit. 
Points between 3/23 czcm δ<<  were then adopted for the least square fit for the 
semi-log plots. This procedure can be done iteratively until a reasonably constant 
value of z0c is obtained. The values of 2δc/3 are listed in Table 4.24. The detailed 
calculations are shown in Appendix B.8. Figure 4.36. shows the semi-logarithmic 
plot of ln (z) vs u at the centerline 5m downstream the honeycomb outlet. It is shown 
that there is no significant difference between measured velocity profiles above the 
crest and above the troughs. Therefore, the bed roughness and shear velocity are 
independent of the trough and crest locations.   
The detailed results of the bed roughness (z0c) and shear velocity (u*c) at all 
locations are presented in Table 4.24. Statistical analysis of the results shows that the 
mean value of the bottom roughness (z0c) above the crests and the troughs are 0.086 
cm with a coefficient of variation of 82.6% and 0.074 cm with a coefficient of 
variation of 67.6%, respectively. The mean value of the shear velocity (u*c) above the 
crests is 1.01 cm/s with a coefficient of variation of  21.8%  and mean value of the 
shear velocity (u*c) above the troughs is 0.99 cm/s with a coefficient of variation of  
20.2%. These results show that there is no significant difference between the bottom 
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roughness above the crest and that above the trough. This suggest that the bottom 
roughness (z0c) and shear velocity (u*c) are independent of the location of crest and 
trough. The average bed roughness (z0c) and shear velocity (u*c) for all velocity 
profiles in this experiment are 0.078 cm and 1 cm/s respectively, which are 
comparable with the results for flow over triangular bars at angles of 30° to the flow 















Figure 4.36.  Semi-logarithmic plot of the velocity profiles at crest and trough 
locations along the centerline of the flume at the general location of 
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Table 4.24.  Bed Roughness (z0c) and Shear Velocity (u*c) of Flow in direction 30° 





















The 95% confidence levels for the bed shear velocities at all of the 
measurement locations are shown Table 4.25. and the overall mean bed shear 
velocity is found to fall in the range 0.88 cm/s <u*c < 1.16cm/s.  
z0c ln z0c u*c R2 No. of Points 2δc/3
(cm) (cm/s) used in log fit (cm)
Crest
6B 0.192 -1.65 1.23 0.943 14
7B 0.075 -2.59 1.12 0.978 14
8B 0.033 -3.42 0.94 0.985 14
9B 0.063 -2.77 1.07 0.979 14
10B 0.014 -4.28 0.74 0.980 12
11B 0.217 -1.53 1.22 0.927 15
12B 0.118 -2.13 1.17 0.970 15
13B 0.092 -2.39 1.10 0.983 15
14B 0.058 -2.85 0.98 0.988 15
15B 0.004 -5.65 0.54 0.971 14
Mean (crests) 0.086 -2.93 1.01 0.970
Std. Deviation (crests) 0.071 1.25 0.22 0.020
Trough
6A 0.079 -2.54 0.92 0.914 11
6C 0.123 -2.10 1.15 0.914 11
7A 0.046 -3.07 1.01 0.973 13
7C 0.125 -2.08 1.27 0.979 14
8A 0.033 -3.40 0.95 0.952 14
8C 0.023 -3.76 0.87 0.938 14
9A 0.071 -2.65 1.10 0.960 14
9C 0.051 -2.98 1.01 0.962 12
10A 0.015 -4.19 0.79 0.945 14
10C 0.007 -4.91 0.65 0.921 11
11A 0.121 -2.11 1.01 0.974 15
11C 0.159 -1.84 1.18 0.988 13
12A 0.128 -2.06 1.21 0.969 15
12C 0.142 -1.95 1.23 0.971 15
13A 0.099 -2.31 1.12 0.973 15
13C 0.085 -2.46 1.08 0.985 15
14A 0.118 -2.14 1.16 0.984 12
14C 0.036 -3.32 0.86 0.917 12
15A 0.012 -4.43 0.68 0.943 12
15C 0.007 -4.92 0.58 0.943 12
Mean (troughs) 0.074 -2.96 0.99 0.955
Std. Deviation (troughs) 0.050 1.01 0.20 0.025
Mean (crests and troughs) 0.078 -2.95 1.00 0.960







Table 4.25.  95% confidence intervals of shear velocity for flow in direction 30° to 


























u*c  m in. est. u*c max. est.
(cm/s) (cm/s)
Crest
6B 1.23 1.06 1.45
7B 1.12 1.03 1.23
8B 0.94 0.87 1.02
9B 1.07 0.98 1.18
10B 0.74 0.67 0.82
11B 1.22 1.05 1.47
12B 1.17 1.05 1.33
13B 1.10 1.02 1.19
14B 0.98 0.92 1.05
15B 0.54 0.49 0.61
Mean (crests) 1.01 0.91 1.14
Std. Deviation (crests) 0.22 0.19 0.27
Trough
6A 0.92 0.75 1.20
6C 1.15 1.12 1.18
7A 1.01 0.91 1.14
7C 1.25 1.14 1.38
8A 0.95 0.84 1.11
8C 0.87 0.75 1.04
9A 1.10 0.97 1.26
9C 1.01 0.89 1.18
10A 0.79 0.68 0.93
10C 0.65 0.53 0.83
11A 1.01 0.92 1.12
11C 1.18 1.10 1.27
12A 1.21 1.09 1.35
12C 1.23 1.11 1.37
13A 1.12 1.02 1.25
13C 1.08 1.01 1.17
14A 1.16 0.80 2.16
14C 0.86 0.71 1.09
15A 0.68 0.58 0.82
15C 0.58 0.50 0.70
Mean (troughs) 0.99 0.87 1.18
Std. Deviation (troughs) 0.20 0.20 0.30
Mean (crests and troughs) 1.00 0.88 1.16
Std. Deviation (crests and troughs) 0.20 0.20 0.28
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4.2.3.2. Turning of velocity vector along the channel (without guide plates) 
The purpose of this analysis is to investigate the turning of velocity vector for 
experiments without guide plates comparing with the one for experiments with the 
use of guide plates. The tendency to spread was assessed by taking the angle of the 




vtan 1-α ] at each measurement location. Figure 
4.37 shows the α values along the centerline of the current channel at 4m and 5m 














Figure 4.37. The turning angles (α) at the centerline of the current channel at (a) x = 
4 m, and (b) x = 5 m downstream of the honeycomb inlet. 
 
Figure 4.37 shows that the velocity vectors near the bed were strongly 
influenced by the bars and it was found that the turning direction was almost in 
(a) (b) 
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alignment with the bars near the bottom and the turning angle diminished 
progressively with elevation. Table 4.26 shows the average turning angles at 
elevation of z = 3 cm from the concrete bed. It is seen that α-values at stations 6 and 
11, which are for y = 1.5m, Figure 4.34, are markedly different from the fairly 
constant values obtained at all other locations. Those α values are also smaller than 
the ones obtained from the basin experiments with guide plates at the same location 
(Table 4.18). This suggests that the guide plates had some influence on the flow but 
not a very significant one. Therefore, it could be concluded that only the locations of 
0.5m ≤ y ≤ 1.25m at 3m ≤  x ≤ 5m give the uniformity in terms of direction of the 
flow. 
 
Table 4.26. The turning angles (α) for flow over triangular bars placed 30° to the 














6B -3.4 6A -4.1
7B -8.8 6C -7.1
8B -9.4 7A -6.2
9B -9.1 7C -9.3
10B -9.8 8A -9.1
11B -2.6 8C -8.2
12B -9.6 9A -8.2
13B -9.9 9C -8.2
14B -10.1 10A -9.3













4.2.3.3. Velocity profiles and roughness resolved in the direction perpendicular of 
the channel for basin experiments without guide plates 
The velocity components measured in the x direction (u) and the velocity 
components measured in the y direction (v) can be resolved into the components in 
directions perpendicular to the roughness bar axis (u⊥) using the transformation of 
Eq. (4.4). The definition of the angle orientation is  shown in Figure 4.29.  
Figure 4.38 shows the velocity profiles in direction perpendicular to the ripple 
axis (u⊥ ) of the nearest crest and trough at the centerline of the current channel, 5m 














Figure 4.38.  Resolved velocity profiles in direction perpendicular to the ripple axis 
of the nearest crest and trough at the centerline at x = 5m downstream 
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Figure 4.38 shows that there is no significant difference between the resolved 
velocity profiles for u⊥ measured above the crest and those above the trough. 
Therefore, the measured velocity profiles are independent to the location of crest and 
trough. The velocity profiles u⊥ were then plotted semi-logarithmically for all 
locations. The boundary layer thickness is assumed to be the same as that estimated  
for velocity profiles in the x direction (u). Figure 4.39 show that the logarithmic fit 
lines give similar bed roughness (z0c⊥) and shear velocity (u*c⊥) for measurements 














Figure 4.39.  Semi-logarithmic plot of the resolved velocity profiles in direction 
perpendicular to the ripple axis of the nearest crest and trough at the 
centerline of the current channel at x = 5m downstream of the 
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Table 4.27 shows the bed roughness (z0c⊥) and shear velocity (u*c⊥) based on 
the velocity profiles resolved perpendicular to the ripple axis. Statistical analysis of 
these profiles gives 0.546 cm as the average bed roughness above the crest with a 
coefficient of variation of 33% and the average shear velocity of 0.77 cm/s with a 
coefficient of variation of 30%. It is also shown that the average bed roughness in 
direction perpendicular to the ripple axis (z0c⊥) above the trough is 0.528 cm/s with a 
coefficient of variation of 36.6% and the average shear velocity is 0.84 cm/s with a 
coefficient of variation of 17.8%. The mean bed roughness (z0c⊥) and the mean shear 
velocity (u*c⊥) above the crests and above the troughs are similar. These results 
suggest that bed roughness (z0c⊥) and shear velocity (u*c⊥) are independent of the 
location of the crest and the trough. 
Table 4.28 shows the average bed roughness for the velocity profiles resolved 
in the direction perpendicular to the ripple axis in the basin experiments without 
guide plates (~0.534 cm) is similar to the one with guide plates (~0.497 cm). The 
mean bed roughness obtained here gives closer result to the one obtained from flume 
experiments than the basin experimental results in the presence of guide plates. The 
mean z0c⊥ value here is 86% of the mean z0c⊥ value obtained from the flume 
experiments. That difference might be due to the uneven bottom in the basin and 
possible gaps below the bars where the silicone is not applied sufficiently.  On the 
basis of this analysis, these experimental results obtained from the basin experiments 
without guide plates are comparable with the two other experimental results shown 




Table 4.27. Bed roughness (z0c⊥) and shear velocity (u*c⊥)  for triangular bars aligned 






















*Not considered in overall mean and standard deviation (same location as for flow in 




z0c⊥ ln z0c u*c⊥ R2 No. of Points
(cm) (cm/s) used in log fit
Crest
6B 0.379 -0.97 0.44 0.926 14
7B 0.572 -0.56 0.41 0.973 14
8B 0.518 -0.66 0.86 0.994 14
9B 0.543 -0.61 0.90 0.965 14
10B 0.332 -1.10 0.67 0.966 12
11B 0.550 -0.60 0.86 0.938 15
12B 0.818 -0.20 1.04 0.982 15
13B 0.836 -0.18 1.03 0.984 15
14B 0.603 -0.51 0.89 0.985 15
15B 0.309 -1.18 0.61 0.964 14
Mean (crests) 0.546 -0.66 0.77 0.968
Std. Deviation (crests) 0.180 0.34 0.23 0.022
Trough
6A 0.273 -1.30 0.62 0.953 11
6C 0.526 -0.64 0.85 0.902 11
7A 0.294 -1.22 0.75 0.958 13
7C 0.726 -0.32 1.01 0.976 14
8A 0.500 -0.69 0.82 0.980 14
8C 0.384 -0.96 0.77 0.984 14
9A 0.545 -0.61 0.91 0.976 14
9C 0.478 -0.74 0.86 0.981 12
10A 0.334 -1.10 0.71 0.959 14
10C 0.245 -1.41 0.58 0.956 11
11A 0.430 -0.84 0.77 0.928 15
11C 0.582 -0.54 0.90 0.980 13
12A 0.602 -0.51 0.94 0.966 15
12C 0.843 -0.17 1.05 0.991 15
13A 0.816 -0.20 1.03 0.993 15
13C 0.820 -0.20 1.01 0.993 15
14A 0.819 -0.20 1.03 0.988 12
14C 0.524 -0.65 0.81 0.954 12
15A 0.463 -0.77 0.74 0.915 12
15C 0.352 -1.04 0.61 0.964 12
Mean (troughs) 0.528 -0.71 0.84 0.965
Std. Deviation (troughs) 0.193 0.38 0.15 0.025
Mean (crests and troughs) 0.534 -0.69 0.82 0.966
Standard Deviation (crests and troughs) 0.186 0.36 0.18 0.024
Location
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Table 4.28. Average bed roughness (z0c⊥) and shear velocity (u*c⊥) for resolved 
velocity profiles perpendicular of the ripple axis  
z0c⊥ kn
(cm) (cm)
1 Results from the basin experiments with guide plates (Table 4.19)
(velocities were resolved in direction perpendicular to the ripple axis)
Average 0.497 14.9
Standard deviation 0.191
2 Results from the basin experiments without guide plates (Table 4.27)
(velocities were resolved in direction perpendicular to the ripple axis)
Average 0.534 16.0
Standard deviation 0.186
3 Results from the flume experiments (Table 4.5)
(flow perpendicular to the ripple axis)
Average value of the z0c⊥ at the centerline of the flume, y = 30cm 0.622 19.0





4.2.3.4. Velocity profiles and roughness resolved in the direction parallel of the 
channel for basin experiments without guide plates 
 
The measured velocity components in the x and y directions can be resolved to 























Figure 4.40.  Resolved velocity profiles in direction parallel to the ripple axis of the 
nearest crest and trough at the centerline of the current channel at x = 
5m downstream the honeycomb outlet (without guide plates). 
 
Figure 4.40 shows resolved velocity profiles in the direction parallel to the 
ripple axis (uװ ) at the center of the current channel 5m downstream of the 
honeycomb outlet. All the resolved velocity data for the flow parallel to the ripple 
axis are presented in Appendix A.2.6. The velocity profiles were then plotted semi-
logarithmically of ln z vs u for all locations to obtain the bed roughness (z0cװ ) and 
shear velocity (u*cװ ) in direction parallel to the ripple axis (Figure 4.41). The 
boundary layer thickness is assumed to be the same as tat estimated in the analysis 































Figure 4.41.  Semi-logarithmic plot of the resolved velocity profiles in direction 
parallel to the ripple axis of the nearest crest and trough at the centerline 
of the current channel at x = 5m downstream the honeycomb outlet 
(without guide plates). 
 
All the results of (z0cװ , u*cװ ) are presented in Table 4.29. The bed roughness in 
direction parallel to the ripple axis (z0cװ  ) at locations of 6B and 11B showed some 
inexplicably high values. This suggests that these locations do not give reliable 
values of the bed roughness. Also, the z0cװ and u*cװ values at locations of 10A, 10B, 
10C, 15A, 15B, and 15C showed some low values. Associated with the average shear 
velocity (u*c = 0.72 cm/s)), those values were less than the value of the calculated zoc 
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from statistical analysis. This in turn suggests that the measurements for these points 
near the outer  fringe of the current channel are not reliable. 
Statistical analysis of the results shows that the average value of the bed 
roughness (z0cװ ) above the crest is 0.0126 cm with a coefficient of variation of  70% 
and the average value of the shear velocity  (u*cװ ) above the crest is 0.69 cm/s with a 
coefficient of variation of  8.7%. It is also shown that the average value of the bed 
roughness above the trough is 0.028 cm with a coefficient of variation of 77% and 
the average value of the shear velocity (u*cװ ) is 0.73 cm with a coefficient of 
variation of  13.7%. The average bed roughness above the crest is 45% of the bed 
roughness above the trough. This is not surprising with a logarithmic plot, since just 
a small change of slope can result in a large deviation in the intercept on the 
logarithmic axis. Given the uncertainty in the determination of z0cװ , the roughness 
values may cautiously be considered  as independent of location, especially since the 
average value of shear velocity above the crest is similar to that above the trough. 
This result suggests that the values for z0cװ , in direction parallel to the ripple axis, are 









Table 4.29. Bed roughness (z0cװ) and shear velocity (u*cװ)  for for resolved velocity 

























z0cװ ln z0c u*cװ R2 No. of Points
(cm) (cm/s) used in log fit
Crest
6B* 0.1282 -2.05 0.96 0.945 14
7B 0.0159 -4.14 0.74 0.975 14
8B 0.0033 -5.71 0.59 0.969 14
9B 0.0152 -4.19 0.74 0.966 14
10B 0.0014 -6.57 0.67 0.966 12
11B* 0.1364 -1.99 0.93 0.913 15
12B 0.0277 -3.59 0.76 0.945 15
13B 0.0147 -4.22 0.69 0.963 15
14B 0.0099 -4.62 0.64 0.966 15
15B* 0.0001 -9.72 0.33 0.874 14
Mean (crests) 0.0126 -4.72 0.69 0.964
Std. Deviation (crests) 0.0088 1.05 0.06 0.009
Trough
6A 0.0484 -3.03 0.73 0.871 11
6C 0.0522 -2.95 0.84 0.910 11
7A 0.0180 -4.02 0.76 0.960 13
7C 0.0343 -3.37 0.86 0.976 14
8A 0.0045 -5.40 0.62 0.894 14
8C 0.0035 -5.65 0.58 0.864 14
9A 0.0184 -4.00 0.76 0.934 14
9C 0.0120 -4.42 0.69 0.915 14
10A 0.0018 -6.32 0.52 0.890 14
10C* 0.0007 -7.26 0.43 0.839 11
11A 0.0607 -2.80 0.74 0.985 15
11C 0.0697 -2.66 0.84 0.982 13
12A 0.0488 -3.02 0.86 0.965 15
12C 0.0376 -3.28 0.81 0.944 15
13A 0.0204 -3.89 0.73 0.926 15
13C 0.0122 -4.41 0.67 0.960 15
14A 0.0277 -3.59 0.76 0.967 12
14C 0.0055 -5.20 0.56 0.810 12
15A* 0.0004 -7.82 0.39 0.891 12
15C* 0.0003 -8.11 0.35 0.812 12
Mean (troughs) 0.0280 -4.00 0.73 0.926
Std. Deviation (troughs) 0.0216 1.10 0.10 0.049
Mean (crests and troughs) 0.0235 -4.21 0.72 0.937
Standard Deviation (crests and troughs) 0.0199 1.11 0.09 0.045
*Not considered in overall mean and standard deviation
Location
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Table 4.30.  Comparison of the average shear velocity (z0cװ) for resolved velocity 




1 Results from the basin experiments in the presence of guide plates (Table 4.21)
(velocities were resolved in direction parallel to the ripple axis)
Average 0.0232 0.7
Standard deviation 0.0215
2 Results from the basin experiments without guide plates (Table 4.29)





As can be seen in Table 4.30, the roughness value (kn) obtained from the resolved 
velocity profiles parallel to the ripple axis for the experiments without guide plates is 
similar to the one for flow over roughness bars in the basin with guide plates.  
 
4.3. Summary of the Experimental Results 
Table 4.31 shows the summary of the bed roughness (z0c) and shear velocity  


























z0c  :  bed roughness for flow in the main direction 
u*c  :  shear velocity for flow in the main direction 
z0c⊥  :  bed roughness for resolved velocity profiles perpendicular to the ripple crest 
line 
u*c⊥  : shear velocity for resolved velocity profiles perpendicular to the ripple crest 
line 
z0cװ  :  bed roughness for resolved velocity profiles parallel to the ripple crest line 




z0c u*c z0c⊥ u*c⊥ z0cװ u*cװ
(cm) (cm/s) (cm) (cm/s) (cm) (cm/s)
Run FS 0.0012 0.63
Run FG 0.041 1.09
Run F⊥ Crest   : 0.642 2.09
Trough : 0.603 2.05
Run FG⊥ Crest   : 0.431 1.85
Trough : 0.408 1.78
Run F// Crest   : 0.106 1.35
Trough : 0.046 1.17
Run FG// Crest   : 0.162 1.17
Trough : 0.082 0.94
Run B30GP Crest   : 0.055 0.945 0.523 0.85 0.018 0.69
Trough : 0.056 0.937 0.483 0.83 0.024 0.75
Run B30 Crest   : 0.086 1.01 0.546 0.77 0.013 0.69
Trough : 0.074 0.99 0.528 0.84 0.028 0.72
Experiments
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CHAPTER  5 
CONCLUSIONS AND RECOMMENDATIONS 
 
5.1. Conclusions 
A literature search showed that some previous studies present evidence of 
directional dependence of the roughness, whereas some other studies show that there 
is no directional dependence of the roughness. These apparently contradicting results 
are the motivation for further study. The overall objective of this study is to 
investigate the bed roughness and shear velocity of a current flow over fixed artificial 
beds as a preliminary step to obtain the base-line data before embarking on further 
studies on resistances in a combined wave-current flow when the waves and currents 
are not co-directional. This thesis presents an experimental investigation of the flow 
over fixed artificial roughness elements for steady flows in a flume and in a wave 
basin in the Hydraulics Laboratory of the Civil Engineering Department of the 
National University of Singapore. The time-averaged velocity profiles were obtained 
for all experiments and fitted with the logarithmic law to estimate the bed roughness 
and the shear velocity experienced by the current flow over roughness elements. 
 
5.1.1. Flume Experiments 
a. The first set of the flume experiments was for steady flow in a glass flume 
with a smooth bed. The flow conditions were smooth turbulent. It is found 
that the bed roughness (z0c) and the bed shear velocity (u*c) experienced by 
the current are 0.0012 cm and 0.63 cm/s (Table 4.1) and they are similar to 
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the calculated bed roughness based on the smooth turbulent flow condition 
(z0c = ν/9u*c), 0.0014 cm. 
b. For the flow over a 3 to 6 mm diameter gravel bed, the average bed 
roughness (z0c) and average bed shear velocity (u*c) are found to be 0.041 cm 
and 1.09 cm/s respectively (Table 4.3). The equivalent Nikuradse sand grain 
roughness (kn = 30 z0c) is calculated to be 1.22 cm. This experimental 
roughness is larger than the gravel diameter (0.3-0.6cm) and it may be due to 
the fact that the gravel layer was laid out not as a single layer. Nielsen (1992) 
showed that the effective sediment transporting stress corresponds to a 
roughness (kn) of about 2.5 x diameter (d), which is comparable to the result 
here (~ 2d). 
c. From the experimental results for flow in direction perpendicular to the 
triangular bars of height η=1.5 cm and 10 cm spacing, it is found that the 
roughness estimates from the logarithmic profile for measurement points at 
elevations  z ≥ 3 cm are independent relative to location, whether over a crest 
or over  a trough. The average bed roughness (z0c) and the average shear 
velocity (u*c) are found to be 0.622 cm and 2.07 cm/s respectively (Table 
4.5). This gives a Nikuradse equivalent roughness (kn) of  18.7 cm. This 
result (kn ≈ 12η) is comparable with the experimental findings of kn ≈ 14η 
obtained by Mathiesen and Madsen (1996) with the same artificial roughness 
elements and spacing. 
d. In the case of flow over triangular bars aligned perpendicular to the flow with 
gravel placed between them, it is found that the roughness estimates from the 
logarithmic profile for measurement points at elevations  z ≥ 2.4 cm are 
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independent of the location, whether over a crest or over a trough. The 
average bed roughness (z0c) and the average shear velocity (u*c) are found to 
be 0.42 cm and 1.82 cm/s respectively (Table 4.7). The equivalent Nikuradse 
sand roughness (kn = 30 z0c) is calculated to be 12.6 cm. The presence of the 
gravel layer reduced the effective height of the roughness elements. It was 
found through profiling that the average height of the gravel layer above the 
glass bottom was 0.87 cm. The height of the crest above the glass bottom was 
1.5 cm and this would give an average protrusion height of the crest above 
the average height of the gravel (η1) of 0.63 cm.  According to Jackson 
(1981), the theoretical bottom would be 0.7 x gravel height (i.e. 0.61 cm).  
This would give the protrusion height of the crest above the theoretical bed 
(η2) of 0.89 cm. Consequently, the roughness can be expressed as kn ≈  20.5 
η1 or kn ≈  14.5 η2, which is somewhat larger than that found by Barrantes 
and Madsen (2000) for similar experimental conditions (Table 4.8). The 
reason for this difference is likely that the spherical beads placed between the 
bars by Barrantes and Madsen (2000) give a smaller roughness than the 
gravel used in the present experiments. 
e. For a steady flow in direction parallel to the triangular bars, The statistical 
analysis shows that the mean value of bed roughness (z0c) at the crest is 0.106 
cm with a coefficient of variation of 55.7% and the mean value of bed 
roughness (z0c) at the trough is 0.046 cm with a coefficient of variation of 
54.3%. (Table 4.10). This suggests that the velocity profiles within the 
boundary layer are not independent to the location of the crest and trough. 
This could be because the experiments had too little distance for the flow to 
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develop sufficiently so that the flows were not reaching heights at which the 
velocities over the crests and troughs merged. The equivalent Nikuradse sand 
roughness (kn) is estimated to be 3.17 cm (~2η) above the crest and 1.37 cm 
(~η), which is less than the result for flow over triangular bars aligned 
perpendicular to the flow (12η). 
f. For a steady flow over triangular bars aligned parallel to the flow with gravel 
placed between the bars, it is found that there is a large difference between 
the average bed roughness above the crest (z0c = 0.162 cm) and the average 
bed roughness above the trough (z0c = 0.015 cm) (Table 4.13). The average 
shear velocity (u*c) above the crest and trough were 1.48 cm/s and 0.94 cm/s, 
respectively. Since velocities are not independent of location, this experiment 
cannot be used to draw any conclusions. 
 
5.1.2. Basin Experiments 
a. It was found that the depth averaged velocity was relatively uniform across 
the channel over a region defined by y = 0.6 m to y = 1.4 m and x = 3 m to x= 
4.5 m.  
b. For steady flow over triangular bars placed at angles of 30° to the incident 
flow with the guide plates in place, the results suggested that the bottom 
roughness (z0c) and shear velocity (u*c) are  independent of the location 
relative to crest and trough for z≥3 cm. The statistical analysis of the results 
showed that the average bottom roughness (z0c) and the average shear 
velocity (u*c) are 0.056 cm and 0.94 cm/s, respectively (Table 4.16). The 
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equivalent Nikuradse sand roughness (kn) is 1.67 cm (~η).  This is 
surprisingly less than the roughness value found for flow parallel to the 
triangular bars (~1.58η) in the flume.  In the flume, the flow was directed by 
the two sidewalls, whereas in the basin there are no side walls so that the flow 
has a tendency to spread. Precisely how this may affect the drag force acting 
on the triangular bars is not clear. 
c. The turning of the velocity vectors near the bottom by the presence of the 
triangular bars in the presence of guide plates was investigated for the case of 
flow over triangular bars placed at angles of 30° to the incident flow with 
guide plates. The velocity vectors near the bed were strongly influenced by 
the bars and it was found that the turning direction was almost in alignment 
with the bars near the bottom and the turning angle diminished progressively 
with elevation.    
d. The roughness parameters are then estimated from the velocity profiles 
obtained by resolving them along the directions perpendicular to and parallel 
to the crest line. The results suggested that the bed roughness (z0c⊥) and shear 
velocity (u*c⊥) for the velocity profiles resolved perpendicular to the crest line 
(in the presence of guide plates) were independent of the location relative to 
crest and trough.  It is found that the average z0c⊥ and the average u*c⊥ are 
0.495 cm 0.84 cm/s respectively (Table 4.19). The equivalent Nikuradse sand 
grain roughness (kn = 30 z0c⊥) is 14.3 cm, which is comparable to the result 
for flow perpendicular to the ripple crest line in the flume experiments (kn = 
19 cm). However, it is larger than the kn value obtained from the 
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experimental study by Barrantes and Madsen (2000) by a factor of 1.5 (kn = 
9.6 cm).  
e. The results show that the average value of z0cװ for resolved velocity profiles 
parallel to the ripple crest line (with guide plates) above the crests is 0.0184 
cm. This is less than the average value of z0cװ above the troughs (0.0261 cm). 
The overall average bed roughness (z0cװ) and shear velocity (u*cװ) for resolved 
velocity profiles parallel to the ripple crest line (with guide plates) are 0.023 
cm and 0.73 cm/s, respectively (Table 4.21). These results give a kn value of 
0.7 cm (~0.5η), which is less than the one obtained from the flume 
experiment with the triangular bars aligned parallel to the flow 2.4 cm 
(~1.6η). This difference is possibly due to the different flow environment in 
the two cases. The more likely reason is that the flow in the flume was not 
sufficiently developed to make a comparison meaningful. 
f. In the case of flow over triangular bars placed at angles of 30° to the incident 
flow without guide plates, the average bed roughness (z0c) was 0.078 cm and 
the average shear velocity (u*c) was 1 cm/s (Table 4.24). The equivalent 
Nikuradse sand roughness (kn) was 2.34 cm (~1.56η), , which is comparable 
with the roughness for flow at angles of 30° to the roughness bars with guide 
plates (kn = 1.67cm).   
g. For the case of basin experiments without guide plates, the results also show 
the same  turning of the velocity vector due to the influence of the triangular 
bars. 
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h.  Statistical analysis of the results of resolved velocity profiles in direction 
perpendicular to the ripple crest line (without guide plates) shows that the 
average bed roughness (z0c⊥) and shear velocity (u*c⊥) are 0.534 cm and 0.82 
cm/s, respectively (Table 4.27). Therefore, the kn value is 16 cm, which is 
close to the result for flow perpendicular to the ripple crest line in the flume 
experiments (kn = 19 cm). This result is also similar with the kn value for 
resolved velocity profiles in direction perpendicular to the ripple crest line in 
the presence of the guide plates (kn = 14.9 cm). The results also suggest that 
the z0c⊥ value and u*c⊥ are independent of the locations of crest and trough.  
i. The average bed roughness (z0cװ) and shear velocity (u*cװ) for the resolved 
velocity profiles parallel to the ripple crest line (without guide plates) are 
0.0235 cm and 0.72 cm/s, respectively (Table 4.29). The equivalent 
Nikuradse sand roughness (kn) is 0.7 cm, which is similar to the one from the 
flow over roughness bars in the basin with guide plates (kn = 0.7 cm).  
j. Finally, on the basis of the analysis above, the findings of this study indicate 
that there is a directional dependence of the roughness.  
 
5.2. Recommendations 
This study is a preliminary step to obtain the base-line data necessary before 
embarking on the cases of combined wave-current flows when the waves and 
currents are not co-directional. Based on analysis of the velocity profiles, the region 
of the current channel that gives relatively uniform results in terms of the bed 
roughness, shear velocity and flow direction is within the area of 0.75 < y ≤ 1.25 m  
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and 3 ≤ x ≤ 5 m. To enlarge this region, it is essential to allow for a wider current 
channel so that the measurement region of uniform flow.   
In this study, only the 300 angle between the triangular bars and the flow was 
studied. Future studies involving other angles will be needed to affirm the angular 
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VELOCITY DATA  
 
A.1. Flume Experiments 
 
A.1.1. Flow over Smooth Glass Bed 
 




























































































A.1.1. Flow over Smooth Glass Bed (Continued) 
 
























A.1.2. Flow over Gravel Bed 
 


















































A.1.2. Flow over Gravel Bed (Continued) 
 












































































A.1.3. Flow in direction Perpendicular to the Triangular Bars 
 




































































































A.1.3. Flow in direction Perpendicular to the Triangular Bars (Continued) 
 



































































































A.1.3. Flow in direction Perpendicular to the Triangular Bars (Continued) 
 
































































































A.1.3. Flow in direction Perpendicular to the Triangular Bars (Continued) 
 

































































































A.1.4. Flow in direction Perpendicular to the Triangular Bars with Gravel Placed 
in between The Bars 
 



















1.4 7.38 2.34  


















1.4 7.12 2.41  
 




















1.4 6.84 2.52  
 


























A.1.4.  Flow in direction Perpendicular to the Triangular Bars with Gravel Placed 
in between The Bars (Continued) 
 


















1.4 7.41 2.51  


















1.4 7.55 2.77  
 



















1.4 7.55 2.80  
 
 



























A.1.4.  Flow in direction Perpendicular to the Triangular Bars with Gravel Placed 
in between The Bars (Continued) 
 


















1.4 7.40 2.71  


















1.4 6.64 2.55  
 



















1.4 6.46 2.76  
 
 



























A.1.4.  Flow in direction Perpendicular to the Triangular Bars with Gravel Placed 
in between The Bars (Continued) 
 




















1.4 7.47 2.61  



















1.4 7.90 2.55  
 



















1.4 7.67 2.37  
 
 


























A.1.5. Flow in direction Parallel to the Triangular Bars 
  















0.5 10.94 1.46  













2 10.71 1.46  
 















0.5 10.78 1.39  
 
 




























A.1.5. Flow in direction Parallel to the Triangular Bars (Continued) 
 















0.5 10.66 1.50  













2 11.26 1.65  
 















0.5 10.57 1.48  
 
 



























A.1.5. Flow in direction Parallel to the Triangular Bars (Continued) 
 















0.5 11.69 1.34  













2 11.04 1.62  
 

































A.1.6. Flow in direction Parallel to the Triangular Bars with gravel Placed in 
Between The Bars 
 













1.4 10.83 1.71  













1.4 9.86 2.14  
 
 













1.4 11.46 1.50  
 
 
































A.1.6.  Flow in direction Parallel to the Triangular Bars with gravel Placed in 
Between The Bars (Continued) 
 













1.4 11.13 1.71  













1.4 9.13 1.87  
 













1.4 11.50 1.87  
 













1.4 10.15 2.94  
 













1.4 11.25 1.55  
 



















A.1.6.  Flow in direction Parallel to the Triangular Bars with gravel Placed in 
Between The Bars (Continued) 
 
 
















































A.2. Basin Experiments 
 
A.2.1. Flow Over Triangular Bars at Angles of 30° to the Incident Flow (with Guide 
Plates) 
 
a. 3m Downstream of the Honeycomb Filter 
y = 1.5m (Location 1A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 13.17 2.36 -0.15 1.67
25 12.13 2.25 -0.36 1.72
20 11.83 2.91 -0.18 1.92
17 12.16 2.80 -0.52 1.86
15 11.37 3.01 -0.55 1.86
12 11.00 3.01 -0.69 1.96
9 10.42 2.79 -0.69 2.04
8 10.58 2.72 -0.68 1.87
7 10.50 2.77 -0.47 2.03
6 10.33 2.74 -0.81 1.99
5.5 10.03 2.59 -0.77 1.89
4 8.60 2.31 -0.87 1.83
3.5 8.92 2.29 -0.99 2.02
3 8.41 2.56 -1.09 2.02
2 7.00 2.72 -1.14 2.97
1 6.14 2.71 -1.90 2.79
0.5 5.25 1.93 -2.30 1.92
2'u 2'v
 
y = 1.5m (Location 1C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 14.91 1.41 -0.48 1.30
25 14.38 1.47 -0.45 1.22
20 14.09 1.87 -0.48 1.52
17 14.37 1.68 -0.50 1.37
15 14.12 1.74 -0.67 1.50
12 13.60 2.00 -0.77 1.56
10 13.72 2.31 -0.60 1.78
9 12.80 2.08 -0.77 1.83
7 12.71 3.36 -0.95 2.45
6.5 11.52 3.09 -0.92 2.45
6 11.06 2.70 -0.91 3.08
5.5 11.26 2.49 -1.02 2.15
4.5 10.59 3.17 -1.24 2.32
4 10.18 2.12 -1.30 1.98
3.5 9.68 2.20 -1.37 2.18
3 9.42 2.75 -1.19 2.09
2 8.44 2.31 -1.34 2.67
1 6.95 3.05 -1.97 2.49




y = 1.5m (Location 1B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 14.35 2.30 0.39 2.12
25 13.01 2.67 0.06 2.33
20 12.21 2.78 -0.20 2.27
17 12.66 2.51 -0.04 2.41
15 12.30 2.37 -0.08 2.17
12 11.46 2.61 -0.35 2.17
10 11.25 2.57 -0.48 2.09
9 10.81 3.01 -0.42 2.31
8 10.80 2.91 -0.31 2.61
6.5 10.76 3.31 -0.39 2.44
6 10.08 2.88 -0.86 2.30
5 9.45 3.26 -0.86 2.25
4.5 9.50 2.94 -0.93 2.55
3 9.19 2.85 -0.91 2.17





A.2.1.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (with Guide 
Plates) [Continued] 
 
y = 1.25m (Location 2A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 17.92 1.76 -0.43 1.29
25 17.11 1.59 -0.59 1.48
20 16.59 1.88 -0.67 1.47
17 16.46 1.71 -0.70 1.50
15 16.46 1.91 -0.74 1.58
12 15.52 2.05 -0.85 1.77
10 15.13 2.59 -0.91 2.25
9 15.10 2.28 -0.96 1.92
8 14.83 2.07 -1.06 1.71
7 14.47 2.17 -1.40 1.95
6.5 13.47 2.26 -1.41 1.94
6 13.57 2.16 -1.27 2.01
5.5 14.02 2.12 -1.52 2.11
5 13.25 2.61 -1.52 2.07
4.5 12.99 2.26 -1.60 2.17
4 12.53 2.53 -1.77 2.23
3.5 12.23 2.62 -1.59 2.28
3 11.78 2.38 -1.87 2.25
2 10.37 2.86 -2.15 2.73
1 8.63 2.28 -3.35 2.26
0.5 7.55 2.34 -4.04 2.30
2'u 2'v
 
y = 1.25m (Location 2C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 17.47 1.70 -0.27 1.61
25 17.31 1.91 -0.59 1.74
20 16.03 1.89 -0.85 1.63
17 16.16 1.95 -0.78 1.65
15 15.89 1.83 -0.81 1.76
12 15.56 1.93 -0.80 1.63
10 15.42 2.01 -0.97 1.77
9 14.84 2.06 -0.79 1.82
8 14.75 2.11 -1.11 1.85
7 14.05 2.21 -1.06 1.85
6.5 13.66 2.31 -1.38 1.85
6 13.53 2.40 -1.21 2.11
5.5 13.48 2.43 -1.44 2.11
5 13.56 2.06 -1.71 1.96
4 12.50 2.19 -1.84 2.03
3.5 12.65 2.33 -2.03 1.99
3 11.76 2.52 -1.78 2.15
2 10.53 2.30 -2.36 2.29
1 8.87 2.14 -3.51 2.30




y = 1.25m (Location 2B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 17.84 1.64 -0.40 1.47
25 16.85 2.01 -0.51 1.53
20 16.40 1.74 -0.79 1.55
17 16.30 1.93 -0.75 1.54
15 15.75 1.75 -0.72 1.80
12 15.45 1.86 -0.88 1.65
10 14.95 2.01 -0.82 1.77
9 15.17 2.20 -1.11 1.87
8 14.41 2.41 -0.99 1.85
7 14.16 1.96 -1.21 1.77
6.5 13.89 2.14 -1.33 2.00
6 13.98 2.20 -1.31 2.03
5.5 13.93 2.23 -1.56 2.24
5 13.48 2.15 -1.66 2.06
4.5 13.08 2.29 -1.67 1.95
4 12.82 2.40 -1.88 2.26
3.5 12.22 2.45 -2.24 2.32
3 11.90 2.39 -2.17 2.21





A.2.1.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (with Guide 
Plates) [Continued] 
 
y = 1 m (Location 3A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 17.30 1.68 -0.49 1.54
25 16.42 1.69 -0.42 1.49
20 16.16 1.99 -0.63 1.57
17 15.14 1.75 -0.60 1.81
15 15.41 1.91 -0.61 1.72
12 14.86 2.08 -0.84 1.81
10 14.88 1.92 -1.04 1.79
9 14.56 1.87 -1.08 1.84
8 14.60 1.92 -1.35 1.90
7 14.19 2.21 -1.18 2.07
6.5 13.99 2.12 -1.20 2.12
6 13.47 2.01 -1.31 2.12
5.5 13.62 2.03 -1.36 2.24
5 13.28 2.27 -1.48 2.26
4.5 12.80 2.07 -1.67 2.14
4 12.97 2.44 -1.65 2.50
3.5 12.50 2.45 -1.65 2.39
3 11.87 2.38 -2.16 2.09
2 10.47 2.31 -2.36 2.49
1 9.02 2.19 -3.90 2.79
0.5 8.07 2.15 -4.65 2.63
2'u 2'v
 
y = 1 m (Location 3C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 16.12 1.57 0.04 1.34
25 15.44 1.52 -0.06 1.28
20 14.92 1.54 -0.07 1.56
17 14.40 1.53 -0.03 1.57
15 14.31 1.78 -0.22 1.74
12 13.85 1.76 -0.24 1.70
10 13.68 1.83 -0.26 1.65
9 13.37 1.80 -0.40 1.70
8 13.20 1.93 -0.65 1.80
7 13.18 2.10 -0.67 1.79
6.5 12.97 2.00 -0.79 2.12
6 12.74 1.89 -0.96 1.82
5.5 12.68 1.90 -0.96 1.88
5 12.37 1.98 -0.93 1.84
4.5 12.26 2.05 -1.14 1.93
4 11.72 2.00 -1.25 1.84
3.5 11.68 2.04 -1.37 1.82
3 11.24 2.01 -1.42 1.93
2 10.20 2.31 -2.09 2.10
1 8.04 1.92 -3.41 2.08




y = 1 m (Location 3B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 16.06 1.57 0.21 1.33
25 15.64 1.58 0.14 1.36
20 15.14 1.80 0.04 1.47
17 14.71 1.78 -0.19 1.67
15 14.04 1.79 -0.16 1.63
12 14.43 1.87 -0.30 1.64
10 13.70 1.80 -0.36 1.68
9 13.87 1.90 -0.67 1.71
8 13.25 1.90 -0.56 1.79
7 13.30 1.93 -0.83 2.02
6.5 13.07 1.86 -0.70 1.91
6 13.12 1.87 -0.77 1.83
5.5 12.71 2.05 -0.93 1.93
5 12.47 2.15 -0.80 1.89
4.5 12.35 2.01 -0.90 1.93
4 11.74 1.97 -1.23 1.92
3.5 11.88 2.05 -1.52 1.97
3 11.32 2.08 -1.61 1.90





A.2.1.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (with Guide 
Plates) [Continued] 
 
y = 0.75 m (Location 4A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.46 1.79 -0.93 1.58
25 14.92 1.96 -0.68 1.72
20 14.12 1.75 -0.64 1.48
17 13.45 1.65 -0.57 1.57
15 12.92 1.94 -0.48 1.87
12 13.02 2.02 -0.53 1.92
10 12.52 1.87 -0.69 1.61
9 12.12 1.83 -0.85 1.81
8 12.02 2.00 -0.81 1.80
7 11.85 1.72 -0.95 1.76
6.5 11.59 1.72 -1.21 1.79
5.5 11.59 1.72 -1.21 1.79
4.5 11.40 1.87 -1.37 1.90
4 11.40 1.80 -1.57 1.88
3.5 10.94 1.96 -1.67 1.79
3 10.43 1.88 -1.82 1.78
2 9.56 2.02 -2.37 1.93
1 8.05 2.03 -3.46 2.05
0.5 7.29 1.82 -4.20 1.89
2'u 2'v
 
y = 0.75 m (Location 4C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 14.81 1.61 -0.60 1.55
25 14.01 1.98 -0.63 1.54
20 13.37 1.87 -0.65 1.66
17 12.87 1.90 -0.80 1.78
15 12.55 1.66 -0.82 1.51
12 12.32 1.81 -0.84 1.79
10 12.09 1.93 -0.92 1.85
9 11.72 1.70 -0.55 1.64
8 11.50 1.65 -1.01 1.72
7 11.37 1.76 -1.08 1.74
6.5 11.09 1.90 -1.18 1.87
6 11.17 1.84 -1.30 1.86
5.5 11.15 1.69 -1.24 1.50
5 11.18 1.82 -1.44 1.81
4.5 10.96 1.94 -1.47 1.77
3.5 10.62 1.79 -1.74 1.75
3 10.27 1.86 -1.91 1.86
2 9.52 2.02 -2.39 1.91
1 8.19 1.90 -3.63 2.02




y = 0.75 m (Location 4B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.78 1.32 -0.62 1.16
25 14.93 1.61 -0.56 1.39
20 14.46 1.56 -0.40 1.39
17 13.56 1.86 -0.46 1.44
15 13.00 1.64 -0.43 1.46
12 13.00 1.63 -0.57 1.61
10 12.94 1.77 -0.88 1.59
9 12.64 1.77 -0.83 1.67
8 12.46 1.76 -0.99 1.71
7 12.09 1.61 -0.99 1.70
6.5 12.03 1.81 -1.08 1.57
6 11.91 1.69 -1.14 1.76
5.5 11.80 1.74 -1.30 1.69
5 11.48 1.75 -1.30 1.86
4 11.13 1.81 -1.77 1.67
3.5 11.03 1.79 -1.96 1.92
3 10.76 1.82 -1.98 1.93





A.2.1.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (with Guide 
Plates) [Continued] 
 
y = 0.5 m (Location 5A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 14.19 1.85 -0.99 1.92
25 12.94 1.77 -0.93 1.42
20 12.12 1.62 -0.58 1.40
17 11.55 1.78 -0.47 1.69
12 10.87 1.59 -0.63 1.88
10 10.94 1.81 -0.88 1.54
9 10.81 1.59 -0.86 1.70
7 10.30 1.70 -0.88 1.75
6.5 10.33 1.80 -0.98 1.60
6 10.46 1.56 -1.01 1.81
5.5 10.38 1.64 -1.06 1.65
4 9.88 1.76 -1.50 1.53
3.5 9.52 1.99 -1.39 1.79
3 9.55 1.79 -1.75 1.58
2 8.74 1.92 -2.23 1.76
1 7.67 1.75 -3.30 1.82
0.5 7.10 1.58 -3.82 1.89
2'u 2'v
 
y = 0.5 m (Location 5C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 11.69 1.56 -0.57 1.26
25 10.63 1.50 -0.43 1.29
20 10.81 1.52 -0.41 1.42
17 10.52 1.91 -0.45 1.65
12 10.16 1.99 -0.30 1.78
10 10.28 1.63 -0.78 2.06
7 9.83 1.48 -0.80 1.65
6 9.76 1.55 -0.96 1.53
5.5 9.74 1.60 -1.07 1.49
4.5 9.71 1.71 -1.42 1.62
4 9.44 1.80 -1.61 1.68
3.5 9.51 1.82 -1.69 1.81
3 9.24 1.86 -1.54 1.68
2 8.31 1.80 -2.34 1.72
1 7.12 1.79 -3.32 1.83




y = 0.5 m (Location 5B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 12.54 1.82 -0.54 1.39
25 11.61 1.71 -0.58 1.35
20 11.73 1.68 -0.63 1.32
17 11.24 1.52 -0.60 1.38
15 10.89 1.61 -0.57 1.42
12 10.57 1.46 -0.52 1.41
10 10.62 1.64 -0.69 1.50
9 10.52 1.53 -0.84 1.49
8 10.45 1.46 -0.86 1.44
6.5 10.51 1.58 -1.15 1.51
6 10.41 1.41 -1.20 1.39
5.5 10.30 1.42 -1.26 1.43
5 10.05 1.36 -1.30 1.34
4.5 9.85 1.48 -1.41 1.40
4 9.66 1.69 -1.48 1.52
3.5 9.59 1.61 -1.69 1.46
3 9.45 1.45 -1.92 1.51








A.2.1.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (with Guide 
Plates) [Continued] 
 
b. 4m Downstream of the Honeycomb Filter 
 
y = 1.5m (Location 6A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 14.05 2.13 1.08 1.97
25 12.70 2.75 0.67 1.83
17 12.48 3.15 0.38 2.05
15 11.76 3.32 0.32 2.10
12 11.93 3.12 0.45 2.10
10 11.47 2.72 0.27 2.26
9 10.33 2.82 -0.01 2.35
8 10.93 3.38 -0.22 2.29
7 10.11 3.19 -0.69 2.14
6.5 9.73 2.56 -0.42 2.09
6 9.23 2.71 -0.82 2.16
5.5 9.26 3.20 -0.81 2.34
5 8.32 3.12 -1.11 2.38
4 7.78 3.42 -0.68 2.29
3.5 8.10 2.35 -0.97 2.21
3 7.78 2.11 -0.80 2.09
2 7.05 2.96 -0.72 2.93
1 5.89 2.33 -1.47 2.18
0.5 5.11 2.46 -1.94 2.49
2'u 2'v
 
y = 1.5m (Location 6C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.77 1.44 0.58 1.31
25 14.91 1.80 0.37 1.43
20 14.92 2.75 0.36 2.01
17 14.60 1.77 0.55 1.63
15 13.95 2.29 0.47 1.78
12 13.54 2.30 0.13 2.05
10 12.33 3.48 0.19 2.93
9 12.45 2.65 0.01 2.30
8 11.72 2.67 0.07 2.14
7 11.98 2.97 -0.29 3.01
6 11.00 2.71 -0.47 2.90
5.5 10.77 2.80 -0.42 2.59
5 11.29 2.75 -0.78 2.55
4 9.32 2.74 -0.85 2.22
3.5 9.59 3.35 -0.85 3.36
3 9.22 2.60 -0.74 2.58
2 8.11 2.65 -1.23 3.20
1 7.44 2.81 -1.84 2.92




y = 1.5m (Location 6B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.46 2.07 0.77 1.85
25 14.62 2.04 0.60 2.02
20 12.82 2.44 0.61 2.35
17 12.83 2.48 0.98 2.38
15 12.26 2.48 0.06 2.05
12 11.76 2.81 -0.35 2.47
10 11.63 2.40 -0.06 2.09
9 10.90 3.16 -0.11 2.14
8 10.26 2.92 -0.23 2.62
7 10.39 2.83 -0.41 2.61
6.5 10.25 3.21 -0.37 2.47
6 9.92 3.28 -0.47 2.66
5.5 10.39 3.20 -0.45 2.47
3.5 9.30 2.93 -0.88 2.58
3 8.96 2.87 -1.11 2.25






A.2.1.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (with Guide 
Plates) [Continued] 
 
y = 1.25m (Location 7A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 17.86 1.77 0.67 1.35
25 16.67 1.73 0.53 1.72
20 16.35 1.71 0.56 1.67
17 16.19 1.63 0.49 1.67
15 15.84 2.06 0.41 1.92
12 15.27 2.12 0.16 1.89
10 14.30 2.71 0.14 1.93
9 14.36 2.73 0.05 2.85
8 14.68 2.11 0.07 1.83
7 14.07 2.33 -0.26 2.27
6.5 13.55 2.09 -0.26 2.04
6 13.35 2.25 -0.32 2.11
5.5 12.82 2.33 -0.62 2.33
5 12.49 2.73 -0.71 2.28
4.5 12.51 2.34 -1.01 2.42
4 12.04 2.62 -0.90 2.38
3.5 11.40 2.59 -0.52 2.32
3 11.36 2.24 -1.08 2.34
2 9.80 2.58 -1.29 2.52
1 8.15 2.30 -2.92 2.39
0.5 7.07 2.35 -3.65 2.38
2'u 2'v
 
y = 1.25m (Location 7C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 16.84 1.83 0.80 1.92
25 16.43 1.88 0.79 1.84
20 15.72 2.12 0.26 2.01
17 15.05 1.82 0.43 1.92
15 15.14 1.73 0.29 1.79
11 14.74 1.92 0.31 1.92
10 14.40 2.02 0.01 1.94
9 13.84 2.08 -0.13 2.20
8 13.72 2.25 -0.43 2.15
7 13.11 2.23 -0.48 2.12
6.5 12.81 2.28 -0.81 2.18
6 13.18 2.39 -0.39 2.28
5.5 12.59 2.69 -0.91 2.45
5 12.67 2.13 -1.09 2.30
4.5 12.75 2.35 -0.98 2.31
4 12.06 2.43 -0.90 2.43
3.5 12.19 2.48 -1.50 2.34
3 11.53 2.42 -1.37 2.43
2 9.45 3.48 -1.39 3.33
1 8.19 2.31 -2.78 2.30




y = 1.25m (Location 7B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 17.92 1.49 0.63 1.48
25 16.87 1.81 0.62 1.58
20 16.49 1.70 0.32 1.56
17 16.19 1.73 0.45 1.61
15 15.64 1.71 0.20 1.87
11 15.45 1.83 0.18 1.84
10 14.98 1.95 0.09 1.81
9 14.75 2.22 -0.06 2.01
8 14.69 2.28 -0.22 1.84
7 14.17 2.00 -0.41 1.89
6.5 13.79 2.38 -0.44 2.05
6 12.94 2.84 -0.72 2.48
5.5 13.33 2.62 -0.65 2.41
5 12.61 2.38 -0.71 2.39
4.5 12.76 2.35 -1.06 2.18
4 12.19 2.43 -1.04 2.34
3.5 11.66 2.43 -1.30 2.34
3 11.12 2.26 -1.48 2.20





A.2.1.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (with Guide 
Plates) [Continued] 
 
y = 1m (Location 8A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 17.05 1.70 0.43 1.51
25 16.21 1.64 0.40 1.55
20 15.88 1.86 0.42 1.56
17 15.15 1.70 0.48 1.85
15 15.17 1.72 0.23 1.63
12 14.50 2.03 -0.04 1.80
10 14.60 1.66 -0.13 1.74
9 14.44 1.87 -0.25 1.82
8 14.30 1.79 -0.41 1.80
7 14.13 1.85 -0.48 2.13
6.5 13.96 2.08 -0.49 2.02
6 13.46 2.13 -0.59 2.17
5.5 13.22 2.14 -0.61 2.22
5 12.97 2.29 -0.85 2.32
4.5 12.82 2.24 -1.14 2.16
4 12.66 2.26 -0.95 2.44
3.5 11.86 2.25 -1.14 2.30
3 11.52 2.31 -1.58 2.25
2 10.58 2.34 -2.08 2.38
1 9.07 2.19 -3.43 2.64
0.5 8.23 2.18 -4.16 2.48
2'u 2'v
 
y = 1m (Location 8C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 16.03 1.42 0.15 1.17
25 15.35 1.44 0.26 1.19
20 14.94 1.52 0.34 1.36
17 14.43 1.52 0.23 1.41
15 14.15 1.69 0.16 1.54
11 13.55 1.61 0.05 1.66
10 13.25 1.86 -0.14 1.55
9 13.24 1.77 -0.35 1.70
8 13.20 1.80 -0.58 1.73
7 13.19 1.97 -0.55 1.71
6.5 12.66 1.78 -0.62 1.94
6 12.39 2.08 -0.85 1.90
5.5 12.56 1.74 -1.12 1.79
5 11.73 2.03 -1.07 1.81
4.5 11.76 2.10 -1.25 1.81
4 11.32 1.86 -1.35 1.78
3.5 11.13 2.07 -1.54 1.79
3 10.73 1.95 -1.63 1.84
2 9.30 2.22 -2.18 2.07
1 7.89 1.83 -3.91 1.96




y = 1m (Location 8B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.85 1.47 0.40 1.30
25 15.59 1.51 0.30 1.31
20 14.82 1.61 0.44 1.36
17 14.52 1.58 0.31 1.49
15 14.30 1.83 0.15 1.51
11 14.27 1.57 -0.02 1.44
10 13.74 1.73 -0.30 1.59
9 13.84 1.82 -0.41 1.64
8 12.76 1.94 -0.46 1.73
7 12.79 1.94 -0.65 1.97
6.5 12.76 1.93 -0.77 1.81
6 12.60 1.95 -0.73 1.71
5.5 12.26 1.90 -0.85 1.83
5 12.21 2.02 -1.10 1.86
4.5 11.93 2.18 -1.00 1.89
4 11.22 2.03 -1.32 1.84
3.5 11.06 1.88 -1.53 1.94
3 10.80 1.92 -1.81 1.96





A.2.1.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (with Guide 
Plates) [Continued] 
 
y = 0.75m (Location 9A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.27 1.96 0.67 1.72
25 14.52 1.92 0.54 1.53
20 13.85 1.69 0.44 1.51
15 13.01 1.80 0.44 1.63
12 13.12 2.12 0.30 1.71
10 12.06 2.26 0.09 1.82
9 11.88 2.03 -0.30 1.75
8 12.25 2.31 -0.38 1.90
7 11.79 1.78 -0.35 1.71
6.5 11.60 1.84 -0.50 1.70
6 11.19 1.85 -0.51 1.64
5.5 11.61 1.77 -0.61 1.67
5 11.28 1.96 -0.82 1.77
4.5 11.14 1.94 -0.91 1.86
4 11.02 1.88 -1.07 1.84
3.5 10.56 1.98 -1.27 1.81
3 10.20 2.02 -1.58 1.89
2 9.23 2.00 -2.05 2.06
1 8.05 2.04 -3.70 2.15
0.5 7.11 1.85 -4.08 1.94
2'u 2'v
 
y = 0.75m (Location 9C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 14.59 1.65 0.34 1.43
25 13.33 1.88 0.53 1.48
20 13.02 1.85 0.26 1.49
17 12.46 1.63 0.22 1.66
15 12.56 1.70 0.08 1.78
12 11.75 1.74 0.19 1.81
10 12.06 2.02 -0.08 1.66
9 11.58 1.60 -0.01 1.61
8 11.60 1.63 -0.42 1.61
7 11.64 1.81 -0.46 1.71
6.5 11.63 1.95 -0.73 1.69
6 11.43 1.81 -0.51 1.70
5.5 11.16 1.66 -0.75 1.53
5 11.00 1.86 -0.86 1.84
4.5 11.04 1.80 -1.02 1.73
4 11.04 1.89 -1.25 1.77
3.5 10.31 1.65 -1.44 1.77
3 9.86 1.79 -1.50 1.79
2 8.99 2.04 -2.26 1.99
1 8.02 1.91 -3.75 2.03




y = 0.75m (Location 9B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.36 1.47 0.27 1.26
25 14.59 1.77 0.40 1.42
20 13.45 1.75 0.39 1.46
17 13.51 1.47 0.38 1.46
15 12.90 1.38 0.47 1.41
12 12.98 1.63 0.11 1.72
10 12.64 1.71 -0.06 1.57
9 12.37 1.54 -0.08 1.46
8 12.33 1.70 -0.18 1.63
7 12.04 1.60 -0.43 1.63
6.5 11.93 1.90 -0.48 1.63
6 11.92 1.83 -0.51 1.78
5.5 11.43 1.78 -0.61 1.69
5 11.60 1.83 -0.75 1.74
4.5 11.65 1.91 -0.86 1.80
4 11.00 1.84 -1.08 1.66
3.5 11.12 1.92 -1.48 1.95
3 10.45 1.81 -1.59 1.76





A.2.1.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (with Guide 
Plates) [Continued] 
 
y = 0.5m (Location 10A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 13.41 1.96 -0.11 1.92
25 12.08 1.94 0.26 1.80
20 11.53 1.61 0.48 1.35
17 11.05 1.77 0.44 1.61
12 11.07 1.40 0.11 1.50
10 10.96 1.79 -0.12 1.84
9 10.39 1.47 -0.10 1.43
8 10.17 1.50 -0.02 1.38
7 10.06 1.66 -0.30 1.63
6.5 10.12 1.63 -0.49 1.63
6 10.09 1.52 -0.65 1.72
5.5 9.77 1.63 -0.53 1.71
4.5 10.04 1.80 -0.99 1.64
3.5 9.48 1.70 -0.98 1.63
3 9.41 1.73 -1.47 1.71
2 8.54 2.05 -2.22 1.90
1 7.46 1.76 -3.48 1.83
0.5 4.24 1.45 -2.23 1.28
2'u 2'v
y = 0.5m (Location 10C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 11.53 1.52 0.15 1.29
25 10.74 1.42 0.24 1.25
20 10.57 1.59 0.29 1.32
17 10.59 1.88 0.27 1.42
15 9.80 1.64 0.51 1.65
10 9.64 1.91 0.05 1.65
9 9.72 1.34 -0.12 1.49
8 9.65 1.40 -0.17 1.28
7 9.70 1.41 -0.35 1.38
6.5 9.65 1.52 -0.40 1.39
6 9.67 1.58 -0.71 1.37
5.5 9.61 1.54 -0.67 1.49
5 9.65 1.49 -0.84 1.38
4.5 9.51 1.57 -1.00 1.53
4 9.45 1.63 -1.22 1.57
3 8.65 1.68 -1.42 1.57
2 7.71 1.62 -2.38 1.57
1 6.84 1.49 -3.85 1.49
0.5 2.84 1.10 -1.89 1.50
2'u 2'v
 
y = 0.5m (Location 10B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 12.54 1.79 0.10 1.48
25 11.18 1.61 0.30 1.40
20 11.04 1.60 0.22 1.41
17 10.77 1.50 0.10 1.48
15 10.61 1.81 0.02 1.52
12 10.45 1.50 0.11 1.41
10 10.47 1.78 -0.03 1.65
9 10.23 1.79 -0.28 1.66
8 10.30 1.52 -0.11 1.66
7 10.34 1.51 -0.59 1.46
5.5 10.05 1.60 -0.84 1.69
5 9.97 1.53 -0.89 1.46
4.5 10.00 1.57 -1.07 1.73
4 9.56 1.65 -1.05 1.68
3.5 9.38 1.66 -1.32 1.58
3 9.23 1.51 -1.71 1.61






A.2.1.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (with Guide 
Plates) [Continued] 
 
y = 1.5m (Location 11A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 13.65 2.23 1.28 2.21
25 13.36 2.46 0.68 2.37
20 12.85 2.34 0.98 2.19
17 11.59 2.49 0.53 2.02
15 11.44 2.47 0.40 2.18
12 10.57 2.61 0.11 2.19
10 10.66 2.84 0.31 2.29
9 9.76 3.16 -0.13 2.93
8 9.59 2.81 -0.06 2.13
7 9.73 2.41 -0.02 2.22
6.5 9.79 2.09 -0.03 2.12
6 9.42 2.76 -0.47 2.38
5.5 9.40 2.41 -0.36 2.09
5 8.73 2.73 -0.19 2.26
4.5 8.94 2.82 -0.28 2.55
4 9.17 2.43 -0.34 2.19
3.5 8.30 2.68 -0.59 2.44
3 7.34 2.58 -0.81 2.64
2 6.20 2.48 -1.37 2.41
1 6.08 2.26 -2.13 2.43
0.5 4.67 2.17 -2.38 2.17
2'u 2'v
 
y = 1.5m (Location 11C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 14.41 1.75 0.40 1.68
25 14.03 1.91 0.68 1.99
20 13.56 1.80 0.59 1.87
17 13.33 2.77 0.71 2.18
15 13.39 1.99 0.57 1.84
12 12.66 2.00 0.39 1.88
10 11.81 2.82 0.09 2.76
9 11.91 2.57 0.07 2.17
8 11.57 2.57 0.40 2.16
7 11.25 2.59 0.18 2.25
6.5 10.77 2.25 -0.37 2.16
6 10.50 2.58 -0.26 2.21
5.5 10.74 2.39 -0.36 2.22
5 10.02 2.51 -0.52 2.20
4.5 9.89 2.56 -0.54 2.33
4 9.26 2.39 -0.44 2.08
3.5 8.95 2.55 -0.59 2.37
3 9.09 2.40 -0.89 2.26
2 8.01 2.60 -1.40 2.42
1 6.70 2.43 -2.42 2.59




y = 1.5m (Location 11B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 14.49 1.53 1.07 1.64
25 13.22 2.23 0.94 1.78
20 12.87 2.54 0.71 2.11
17 12.51 2.12 0.64 2.25
15 12.66 2.32 0.68 2.37
12 11.72 2.35 0.49 2.35
10 11.35 3.01 0.26 2.91
9 11.27 2.47 -0.07 2.70
8 10.43 3.08 0.07 2.63
7 9.97 2.44 -0.36 2.17
6.5 10.28 2.72 -0.14 2.51
6 10.08 2.81 -0.05 2.94
5.5 8.99 2.68 -0.36 2.07
5 9.41 3.04 -0.44 2.97
4.5 9.30 3.11 -0.55 2.78
4 8.98 3.46 -0.84 2.94
3.5 8.87 3.19 -0.35 3.32




A.2.1.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (with Guide 
Plates) [Continued] 
 
y = 1.25m (Location 12A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.73 1.25 0.91 1.09
25 15.03 1.44 0.64 1.23
20 14.78 1.49 0.74 1.29
17 14.53 1.76 0.60 1.45
15 14.39 1.88 0.77 1.49
12 13.62 1.70 0.21 1.47
10 13.25 2.48 0.00 1.93
9 13.07 2.27 -0.04 1.73
8 12.61 2.00 -0.33 1.87
7 11.80 2.28 -0.46 1.95
6.5 11.48 2.24 -0.63 1.98
6 11.75 2.60 -0.65 2.13
5.5 11.78 2.30 -1.01 2.08
5 11.28 2.40 -0.92 2.05
4.5 10.83 2.54 -0.95 2.10
4 10.26 2.39 -1.18 2.03
3.5 10.11 2.55 -1.39 2.25
3 9.41 2.53 -1.31 2.45
2 8.27 2.35 -1.92 2.37
1 7.38 2.29 -3.40 2.43
0.5 6.42 1.98 -3.44 1.98
2'u 2'v
 
y = 1.25m (Location 12C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.86 1.39 0.79 1.21
25 15.36 1.31 0.82 1.19
20 14.22 1.63 0.78 1.31
17 14.27 1.52 0.56 1.32
15 14.02 1.71 0.39 1.38
12 13.73 1.71 -0.01 1.62
10 13.06 2.24 0.07 2.28
9 12.96 2.27 -0.29 1.78
8 12.11 2.06 -0.56 1.69
7 12.17 2.28 -0.73 2.02
6.5 11.56 2.11 -0.69 2.05
6 11.81 2.07 -0.85 2.00
5.5 11.32 2.04 -1.06 2.01
5 10.94 2.11 -1.16 1.90
4.5 10.41 2.27 -1.31 2.03
4 10.06 2.45 -1.58 2.18
3.5 9.78 2.15 -1.38 2.08
3 9.75 2.26 -1.59 2.29
2 8.31 2.19 -2.08 2.08
1 7.15 2.02 -3.31 2.15




y = 1.25m (Location 12B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 16.00 1.42 1.01 1.47
25 15.15 1.54 0.70 1.46
20 14.53 1.70 0.73 1.84
17 14.11 1.67 0.98 1.75
15 13.93 1.96 0.61 1.89
12 13.38 1.98 0.08 1.58
10 12.81 2.16 0.08 2.20
9 12.60 2.13 -0.53 1.89
8 12.17 2.11 -0.43 2.10
7 12.03 2.28 -0.65 2.02
6.5 11.30 2.44 -0.91 2.01
6 11.06 2.57 -0.81 2.21
5.5 11.33 2.59 -1.13 2.29
5 11.02 2.47 -1.22 2.14
4.5 10.82 2.00 -1.34 2.14
4 10.26 2.28 -1.36 2.15
3.5 9.56 2.34 -1.47 2.35
3 9.25 2.25 -1.58 2.13





A.2.1.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (with Guide 
Plates) [Continued] 
 
y = 1m (Location 13A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.48 1.33 0.65 1.52
25 14.84 1.38 0.68 1.30
20 13.89 1.70 0.76 1.70
17 13.50 2.00 0.44 1.66
15 13.43 1.62 0.48 1.53
12 13.12 1.72 0.10 1.60
10 12.58 3.07 -0.24 2.03
9 12.71 2.02 -0.27 1.59
8 12.21 1.84 -0.52 1.81
7 11.24 2.08 -0.65 1.71
6.5 11.83 2.19 -0.64 1.82
6 10.85 2.09 -0.84 1.98
5.5 10.86 2.13 -0.96 1.87
5 11.11 2.19 -1.19 1.89
4.5 10.35 2.09 -1.06 1.82
4 10.27 2.16 -1.19 2.03
3.5 9.77 2.13 -1.29 1.95
3 9.42 2.25 -1.45 2.16
2 8.28 2.16 -2.59 2.31
1 6.89 2.01 -3.33 2.17
0.5 3.03 1.97 -1.95 1.57
2'u 2'v
y = 1m (Location 13C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.87 1.24 0.45 1.18
25 15.13 1.41 0.59 1.36
20 14.65 1.41 0.79 1.24
17 14.59 1.57 0.47 1.59
15 13.89 1.44 0.50 1.34
12 13.54 1.62 0.26 1.46
10 13.17 1.71 -0.03 1.50
9 12.88 1.65 -0.39 1.58
8 12.85 1.99 -0.37 1.73
7 12.36 1.70 -0.62 1.67
6.5 12.56 1.85 -0.94 1.76
6 11.75 1.91 -0.96 1.71
5.5 12.03 1.90 -1.17 1.73
5 11.82 2.17 -1.01 1.93
4.5 11.26 1.80 -1.37 1.93
4 11.09 1.94 -1.60 1.90
3.5 10.44 1.93 -1.48 1.79
3 10.02 1.98 -1.78 1.75
2 8.98 1.87 -2.68 1.97
1 7.62 1.67 -3.94 1.76
0.5 4.02 1.66 -2.43 1.34
2'u 2'v
 
y = 1m (Location 13B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 14.95 1.71 0.79 2.52
25 14.92 1.97 1.00 2.14
20 14.50 1.70 0.63 1.49
17 13.93 1.58 0.61 1.73
15 14.24 2.02 0.76 2.28
12 13.77 1.96 0.15 1.63
10 13.46 2.73 -0.04 2.53
9 13.44 2.26 -0.15 1.97
8 12.92 2.24 -0.40 1.84
7 12.51 1.90 -0.70 1.76
6.5 12.09 2.31 -0.49 1.94
6 12.16 2.45 -0.90 2.24
5.5 11.97 2.01 -0.94 1.97
5 11.85 2.15 -1.04 1.91
4.5 11.61 2.10 -1.22 2.10
4 11.40 2.15 -1.33 2.06
3.5 10.31 2.33 -1.33 2.42
3 9.80 2.28 -1.66 2.20






A.2.1.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (with Guide 
Plates) [Continued] 
 
y = 0.75m (Location 14A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 17.05 1.70 0.43 1.51
25 16.21 1.64 0.40 1.55
20 15.88 1.86 0.42 1.56
17 15.15 1.70 0.48 1.85
15 15.17 1.72 0.23 1.63
12 14.50 2.03 -0.04 1.80
10 14.60 1.66 -0.13 1.74
9 14.44 1.87 -0.25 1.82
8 14.30 1.79 -0.41 1.80
7 14.13 1.85 -0.48 2.13
6.5 13.96 2.08 -0.49 2.02
6 13.46 2.13 -0.59 2.17
5.5 13.22 2.14 -0.61 2.22
5 12.97 2.29 -0.85 2.32
4.5 12.82 2.24 -1.14 2.16
4 12.66 2.26 -0.95 2.44
3.5 11.86 2.25 -1.14 2.30
3 11.52 2.31 -1.58 2.25
2 10.58 2.34 -2.08 2.38
1 9.07 2.19 -3.43 2.64
0.5 8.23 2.18 -4.16 2.48
2'u 2'v
 
y = 0.75m (Location 14C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 16.03 1.42 0.15 1.17
25 15.35 1.44 0.26 1.19
20 14.94 1.52 0.34 1.36
17 14.43 1.52 0.23 1.41
15 14.15 1.69 0.16 1.54
11 13.55 1.61 0.05 1.66
10 13.25 1.86 -0.14 1.55
9 13.24 1.77 -0.35 1.70
8 13.20 1.80 -0.58 1.73
7 13.19 1.97 -0.55 1.71
6.5 12.66 1.78 -0.62 1.94
6 12.39 2.08 -0.85 1.90
5.5 12.56 1.74 -1.12 1.79
5 11.73 2.03 -1.07 1.81
4.5 11.76 2.10 -1.25 1.81
4 11.32 1.86 -1.35 1.78
3.5 11.13 2.07 -1.54 1.79
3 10.73 1.95 -1.63 1.84
2 9.30 2.22 -2.18 2.07
1 7.89 1.83 -3.91 1.96




y = 0.75m (Location 14B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.85 1.47 0.40 1.30
25 15.59 1.51 0.30 1.31
20 14.82 1.61 0.44 1.36
17 14.52 1.58 0.31 1.49
15 14.30 1.83 0.15 1.51
11 14.27 1.57 -0.02 1.44
10 13.74 1.73 -0.30 1.59
9 13.84 1.82 -0.41 1.64
8 12.76 1.94 -0.46 1.73
7 12.79 1.94 -0.65 1.97
6.5 12.76 1.93 -0.77 1.81
6 12.60 1.95 -0.73 1.71
5.5 12.26 1.90 -0.85 1.83
5 12.21 2.02 -1.10 1.86
4.5 11.93 2.18 -1.00 1.89
4 11.22 2.03 -1.32 1.84
3.5 11.06 1.88 -1.53 1.94
3 10.80 1.92 -1.81 1.96





A.2.1.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (with Guide 
Plates) [Continued] 
 
y = 0.5m (Location 15A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 14.04 1.30 0.40 1.18
25 13.52 1.40 0.45 1.24
20 13.20 1.44 0.29 1.36
17 12.69 1.60 0.35 1.52
12 12.36 1.72 0.05 1.53
9 11.77 1.73 0.08 1.59
8 11.96 1.62 -0.24 1.43
7 11.75 1.74 -0.58 1.75
6.5 11.31 1.63 -0.42 1.57
6 11.50 1.84 -0.70 1.66
5.5 11.31 1.84 -0.66 1.73
5 11.08 1.94 -0.79 1.59
4.5 10.86 1.98 -1.03 1.68
4 10.22 1.89 -1.10 1.71
3.5 10.00 1.94 -1.08 1.87
3 9.48 1.95 -1.46 1.90
2 7.97 2.03 -2.54 2.01
1 6.34 1.74 -3.47 1.78
0.5 2.73 1.64 -1.56 1.21
2'u 2'v
y = 0.5m (Location 15C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 13.35 1.39 0.06 1.22
25 12.17 1.51 0.23 1.35
20 11.23 1.70 0.46 1.37
15 11.58 1.75 0.27 1.44
12 11.31 1.76 0.02 1.50
10 11.57 1.67 -0.02 1.37
8 11.09 1.68 -0.10 1.57
7 11.26 1.66 -0.45 1.44
6.5 10.96 1.74 -0.46 1.44
6 10.64 1.71 -0.70 1.51
5.5 10.56 1.62 -0.61 1.53
5 10.35 1.73 -0.88 1.49
4.5 10.50 1.68 -0.89 1.53
4 10.08 1.75 -1.19 1.63
3.5 9.69 1.82 -1.17 1.75
3 9.06 1.76 -1.47 1.64
2 7.88 1.99 -2.36 1.98
1 6.49 1.71 -3.59 1.74
0.5 3.19 1.85 -1.38 1.19
2'u 2'v
 
y = 0.5m (Location 15B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 13.27 1.36 0.17 1.33
25 12.66 1.38 0.29 1.34
20 12.32 1.65 0.36 1.32
15 11.80 1.81 0.37 1.71
12 11.93 1.52 0.14 1.66
10 11.63 1.67 -0.09 1.75
9 11.41 1.52 -0.05 1.53
8 11.79 1.68 -0.29 1.48
7 11.45 1.73 -0.48 1.51
6 11.02 1.77 -0.62 1.55
5 10.48 1.67 -0.86 1.59
4.5 10.40 1.85 -0.99 1.70
4 10.04 1.77 -1.21 1.68
3.5 9.79 1.99 -1.32 1.85
3 9.34 1.93 -1.33 1.93







A.2.2. Resolved Velocity Data Perpendicular to the Triangular Bars (u⊥) for Flow Over 
















































































































































































2 3.29  
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A.2.2.  Resolved Velocity Data Perpendicular to the Triangular Bars (u⊥) for Flow Over 













































































































































































0.5 0.87  
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A.2.2.  Resolved Velocity Data Perpendicular to the Triangular Bars (u⊥) for Flow Over 






















































































































































































0.5 -0.40  
 163
A.2.2.  Resolved Velocity Data Perpendicular to the Triangular Bars (u⊥) for Flow Over 


















































































































































































2 2.82  
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A.2.2.  Resolved Velocity Data Perpendicular to the Triangular Bars (u⊥) for Flow Over 





























































































































































































0.5 -0.11  
 165
A.2.2.  Resolved Velocity Data Perpendicular to the Triangular Bars (u⊥) for Flow Over 














































































































0.5 0.41  




A.2.3. Resolved Velocity Data Parallel to the Triangular Bars (u//) for Flow Over 
















































































































































































2 10.07  
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A.2.3.  Resolved Velocity Data Parallel to the Triangular Bars (u//) for Flow Over 













































































































































































0.5 5.40  
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A.2.3.  Resolved Velocity Data Parallel to the Triangular Bars (u//) for Flow Over 






















































































































































































0.5 8.64  
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A.2.3.  Resolved Velocity Data Parallel to the Triangular Bars (u//) for Flow Over 


















































































































































































2 7.00  
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A.2.3.  Resolved Velocity Data Parallel to the Triangular Bars (u//) for Flow Over 





























































































































































































0.5 1.37  
 171
A.2.3.  Resolved Velocity Data Parallel to the Triangular Bars (u//) for Flow Over 














































































































0.5 3.45  




A.2.4. Flow Over Triangular Bars at Angles of 30° to the Incident Flow (without Guide 
Plates) 
 
a. 4m Downstream of the Honeycomb Filter 
 
y = 1.5m (Location 6A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 13.36 2.04 0.30 1.90
25 12.75 2.05 0.29 2.12
20 12.40 2.23 0.09 2.21
17 12.07 2.54 0.06 1.93
15 11.40 2.61 0.06 2.19
12 11.66 2.37 0.04 2.16
10 11.48 2.50 0.04 2.29
9 10.61 3.07 0.09 2.15
8 10.47 2.82 0.05 2.07
7 10.37 2.34 -0.09 1.98
5.5 10.17 2.32 -0.46 1.99
5 9.92 2.26 -0.42 2.07
4.5 9.54 2.70 -0.52 2.18
4 8.83 2.47 -0.31 2.33
3 8.18 2.33 -0.59 2.15
2 7.52 2.31 -0.85 2.20
1 5.65 2.39 -1.77 2.41
0.5 5.17 2.20 -2.69 2.18  
y = 1.5m (Location 6C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.05 1.90 0.47 1.66
25 14.32 1.82 0.43 1.96
20 13.81 2.02 -0.08 2.11
17 13.74 2.35 0.19 2.14
15 13.10 2.34 -0.05 2.58
12 12.52 2.43 -0.08 1.98
10 12.84 2.60 0.18 2.95
9 12.55 2.09 0.15 2.23
8 11.80 2.26 -0.14 2.07
6.5 11.87 2.36 -0.45 2.14
5 11.25 2.37 -0.43 1.94
4.5 10.63 2.63 -0.53 2.19
4 10.16 2.55 -0.91 2.27
3.5 9.46 2.57 -0.74 2.26
3 8.67 3.20 -1.09 2.85
2 8.14 2.90 -1.40 2.89
1 6.77 2.60 -2.42 2.56
0.5 5.57 2.62 -2.93 2.41  
 
y = 1.5m (Location 6B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 14.07 2.12 0.55 1.83
25 13.42 2.49 0.24 2.17
20 13.12 2.75 0.07 2.12
17 12.99 2.31 0.24 2.04
15 12.77 2.59 -0.13 2.38
12 12.37 2.58 0.21 2.16
10 11.83 2.65 -0.09 2.35
9 12.29 2.42 0.12 2.08
8 11.54 2.27 -0.11 1.78
7 11.56 2.40 0.05 1.93
6.5 10.93 2.37 0.02 2.35
6 10.77 2.35 -0.08 1.96
5.5 10.15 2.53 -0.43 2.27
5 9.92 2.26 -0.30 2.44
4.5 9.52 2.43 -0.83 2.22
4 9.22 2.27 -0.27 2.05
3.5 9.40 2.32 -0.63 2.62
3 8.09 2.37 -0.49 2.68






A.2.4.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (without 
Guide Plates) [Continued] 
 
y = 1.25m (Location 7A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.69 1.60 0.27 1.61
25 15.46 1.62 0.20 1.75
20 14.89 1.68 0.05 1.76
17 14.66 1.74 0.20 1.52
15 14.54 1.69 -0.22 1.58
12 13.82 1.91 -0.01 1.61
10 13.55 2.34 -0.44 1.83
8 13.41 2.07 -0.20 1.78
7 12.96 1.93 -0.50 1.89
6.5 12.37 2.45 -0.56 2.13
6 12.37 2.26 -0.48 2.11
5.5 12.12 2.38 -0.48 2.22
5 11.67 2.48 -0.92 2.35
4.5 11.77 2.31 -0.94 1.89
4 11.59 2.39 -1.02 2.28
3.5 10.91 2.23 -0.80 2.27
3 10.41 2.30 -1.13 2.34
2 8.74 2.54 -1.74 2.39
1 7.43 2.27 -3.10 2.42
0.5 6.77 2.28 -3.87 2.42
y = 1.25m (Location 7C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.94 1.59 0.21 1.35
25 15.53 1.44 0.26 1.40
20 15.02 1.52 0.05 1.35
17 14.85 1.59 0.05 1.38
15 14.75 1.80 -0.12 1.46
12 14.20 1.87 -0.18 1.65
10 13.93 2.34 -0.29 1.94
9 13.57 1.79 -0.33 1.80
8 13.53 1.85 -0.48 1.68
7 12.98 2.17 -0.69 1.98
6.5 12.83 2.26 -0.85 1.81
6 12.15 2.31 -0.94 1.98
5.5 12.00 2.22 -1.14 1.91
5 11.68 2.27 -1.16 2.03
4.5 11.22 2.32 -1.36 2.05
4 10.74 2.26 -1.46 2.17
3.5 10.74 2.33 -1.40 2.01
3 10.10 2.72 -1.66 2.48
2 8.72 2.17 -2.22 2.21
1 7.36 1.98 -3.34 2.16
0.5 6.65 2.13 -3.78 2.14  
 
y = 1.25m (Location 7B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.72 1.45 0.30 1.26
25 15.37 1.51 0.44 1.32
20 15.30 1.58 0.15 1.41
17 14.70 1.65 0.21 1.43
15 14.49 1.74 0.01 1.51
12 14.25 2.18 0.11 2.61
10 13.84 2.05 -0.21 1.72
9 13.20 2.13 -0.52 1.96
8 13.30 2.33 -0.59 1.88
7 12.72 2.19 -0.45 1.83
6.5 12.63 2.32 -0.66 1.97
6 12.30 2.20 -0.82 2.04
5.5 12.04 2.20 -0.63 2.20
5 12.14 2.04 -0.85 2.17
4.5 11.36 2.18 -0.96 2.03
4 11.13 2.37 -1.34 2.18
3.5 10.70 2.35 -1.48 2.26
3 10.37 2.09 -1.60 2.24





A.2.4.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (without 
Guide Plates) [Continued] 
 
y = 1m (Location 8A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.99 1.35 0.19 1.33
25 15.15 1.77 0.23 1.43
20 14.80 1.70 0.19 1.60
17 14.54 1.60 0.22 1.45
15 14.36 1.59 0.00 1.46
12 13.67 1.90 -0.10 1.78
10 13.33 2.05 -0.12 2.00
9 13.32 2.02 -0.40 1.93
8 13.46 1.87 -0.56 1.86
7 12.81 2.22 -0.63 1.82
6.5 12.55 2.00 -0.65 1.66
6 12.59 2.03 -0.99 1.90
5.5 12.44 1.83 -1.08 2.02
5 12.30 1.96 -1.09 1.97
4.5 11.75 2.11 -1.46 2.24
4 11.11 2.08 -1.37 2.04
3.5 11.16 2.04 -1.43 2.03
3 10.52 2.64 -1.69 2.11
2 9.15 2.05 -2.13 2.16
1 7.65 2.01 -3.44 2.21
0.5 6.98 2.10 -4.15 2.21  
y = 1m (Location 8C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.52 1.36 0.12 1.13
25 15.10 1.51 0.22 1.43
20 14.11 1.65 0.16 1.57
17 14.19 2.01 0.05 1.86
15 13.73 1.97 0.14 1.92
12 13.50 1.97 -0.16 1.90
10 13.19 1.90 -0.38 1.57
9 12.94 2.13 -0.44 1.74
8 12.54 1.95 -0.66 1.73
7 12.41 1.99 -0.57 1.75
6.5 12.38 2.09 -0.73 1.64
6 12.33 2.07 -0.79 1.82
5.5 12.15 1.83 -0.98 1.99
5 12.21 2.05 -1.23 2.02
4.5 11.56 2.00 -1.05 2.04
4 11.45 2.10 -1.32 1.93
3.5 10.48 2.05 -1.38 1.88
3 10.44 2.34 -1.50 2.11
2 9.11 2.42 -2.13 2.31
1 7.75 2.03 -3.71 2.14
0.5 6.98 2.24 -4.56 2.20  
 
y = 1m (Location 8B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.43 1.41 0.06 1.38
25 15.01 1.84 -0.03 1.56
20 15.00 1.58 0.06 1.38
17 14.48 1.79 0.00 1.45
15 14.33 1.64 0.08 1.58
12 14.03 2.32 -0.18 1.99
10 13.42 1.93 -0.47 1.71
9 13.22 2.00 -0.54 1.70
8 12.92 1.86 -0.60 1.76
7 12.53 1.68 -0.69 1.68
6.5 12.20 2.05 -0.84 1.95
6 12.45 1.93 -1.00 1.79
5.5 12.15 1.95 -1.02 1.96
5 11.83 2.06 -1.27 1.86
4.5 11.72 2.08 -1.27 1.85
4 11.09 2.08 -1.48 1.87
3.5 11.16 2.18 -1.59 1.97
3 10.65 2.12 -1.77 1.99






A.2.4.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (without 
Guide Plates) [Continued] 
 
y = 0.75m (Location 9A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.80 1.40 -0.13 1.13
25 15.57 1.76 0.01 1.24
20 15.32 1.96 -0.08 1.38
17 14.84 1.74 0.11 1.56
15 14.39 1.67 0.00 1.42
12 14.18 1.78 0.05 1.47
10 13.58 2.03 -0.08 1.66
9 12.92 1.90 -0.42 1.72
8 12.84 2.04 -0.34 1.78
7 12.69 2.10 -0.59 1.96
6.5 12.34 1.91 -0.63 1.89
6 12.64 1.94 -0.84 2.10
5.5 12.22 1.97 -1.02 2.07
5 11.51 1.96 -0.96 1.89
4.5 11.83 2.01 -0.94 2.05
4 11.20 2.25 -1.23 1.98
3.5 10.58 2.17 -1.36 2.11
3 10.02 2.50 -1.45 2.13
2 8.75 2.42 -2.32 2.19
1 7.55 2.01 -3.96 2.06
0.5 6.55 1.81 -4.49 1.81  
y = 0.75m (Location 9C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 16.15 1.40 -0.34 1.23
25 15.57 1.59 0.00 1.18
20 14.67 1.76 -0.06 1.46
17 14.71 1.68 -0.04 1.45
12 13.85 1.93 -0.04 1.65
10 12.87 2.34 -0.15 1.94
9 13.02 2.02 -0.09 1.85
7 12.68 2.27 -0.49 1.90
6.5 12.31 2.22 -0.46 1.91
6 12.08 2.16 -0.75 2.02
5.5 11.98 2.11 -0.84 1.88
5 11.89 2.07 -0.89 1.84
4.5 11.28 2.02 -0.96 1.82
4 10.86 2.23 -0.77 2.15
3.5 10.86 2.26 -1.34 1.89
3 10.18 2.31 -1.46 2.17
2 8.90 2.26 -2.47 2.29
1 7.47 2.02 -4.10 2.00
0.5 4.67 1.65 -3.20 1.51
 
y = 0.75m (Location 9B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 16.04 1.50 -0.08 1.17
25 15.45 1.55 -0.03 1.34
20 15.22 1.75 -0.05 1.52
17 14.72 1.99 0.00 1.56
15 14.27 1.97 -0.19 1.60
12 14.37 1.87 -0.20 1.59
10 13.68 2.18 -0.32 1.54
9 13.27 2.12 -0.37 1.86
8 12.86 2.02 -0.54 2.11
7 12.73 2.16 -0.39 1.98
6.5 12.42 2.01 -0.63 2.03
6 12.14 2.08 -0.70 2.03
5.5 12.28 2.00 -0.83 1.94
5 11.59 2.28 -0.71 2.41
4.5 11.64 2.21 -1.09 2.02
4 11.10 2.31 -1.36 2.12
3.5 10.72 2.59 -1.61 2.42
3 10.34 1.98 -1.65 1.84






A.2.4.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (without 
Guide Plates) [Continued] 
 
y = 0.5m (Location 10A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.03 1.72 -0.30 1.31
25 14.40 1.92 -0.27 1.52
20 13.78 1.83 -0.12 1.49
17 13.72 2.01 -0.13 1.76
15 13.24 1.95 -0.25 1.72
12 12.80 2.30 -0.36 1.73
10 12.93 2.13 -0.50 1.70
9 12.62 2.10 -0.46 1.87
8 12.30 2.31 -0.37 2.14
7 12.28 1.86 -0.77 1.85
6.5 11.67 2.09 -0.52 2.15
6 11.82 2.03 -0.84 2.08
5.5 11.85 2.27 -0.97 1.89
5 11.71 2.15 -1.09 1.81
4.5 11.30 2.19 -1.22 1.96
4 10.92 1.93 -1.12 2.07
3.5 10.73 2.57 -1.47 2.16
3 10.11 2.39 -1.66 2.16
2 8.71 2.19 -2.58 2.10
1 7.43 1.96 -4.08 1.88
0.5 3.53 1.69 -2.05 1.24
y = 0.5m (Location 10C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 13.97 1.55 -0.59 1.72
25 12.77 1.97 -0.37 1.70
20 12.47 1.92 -0.38 1.75
17 12.12 2.00 -0.30 1.75
15 12.33 2.06 -0.34 1.73
12 11.54 1.90 -0.30 1.87
10 11.45 2.02 -0.42 1.85
8 11.21 2.12 -0.45 1.84
6.5 11.26 1.98 -0.76 1.86
6 10.91 2.19 -0.87 1.98
5.5 10.65 2.16 -0.85 2.14
4.5 10.55 2.00 -1.00 1.98
4 10.37 2.11 -1.00 1.95
3.5 10.14 2.67 -1.49 2.30
3 9.35 2.32 -1.43 2.07
2 8.22 2.11 -2.58 2.09
1 6.99 2.03 -4.45 2.30
0.5 3.24 1.33 -2.30 1.23
 
y = 0.5m (Location 10B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 14.24 1.60 -0.55 1.48
25 13.55 1.91 -0.35 1.75
17 12.63 2.14 -0.17 1.63
15 12.89 2.24 -0.37 1.79
12 12.38 2.17 -0.24 1.90
10 12.02 2.32 -0.39 2.03
9 12.06 2.18 -0.39 2.02
7 11.33 2.09 -0.55 2.19
6 11.38 2.12 -0.76 2.18
5.5 11.18 2.13 -0.85 2.01
5 11.03 2.04 -0.89 1.97
4.5 10.49 2.43 -0.91 2.13
4 10.49 2.26 -1.12 2.12
3.5 10.33 2.27 -1.46 2.13
3 9.81 2.19 -1.69 2.08







A.2.4.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (without 
Guide Plates) [Continued] 
 
b. 5m Downstream of the Honeycomb Filter 
 
y = 1.5m (Location 11A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 13.86 1.68 0.85 1.67
25 13.60 1.72 0.94 1.86
20 13.08 2.13 0.86 2.19
17 12.49 2.08 0.65 1.88
15 11.75 2.33 0.47 2.07
12 11.76 2.40 0.71 2.07
10 11.22 2.51 0.60 2.48
9 11.01 2.70 0.53 2.14
8 10.58 2.12 0.33 2.05
7 10.74 2.20 0.51 1.92
6.5 10.07 2.20 0.11 1.80
6 10.05 2.29 0.31 2.06
5.5 9.60 2.26 0.23 2.20
5 9.11 2.55 -0.24 2.13
4.5 9.01 2.78 -0.44 2.10
4 8.94 2.28 -0.17 2.22
3.5 8.52 2.29 -0.19 2.15
3 8.24 2.38 -0.20 2.16
2 6.83 2.55 -0.51 2.26
1 5.88 2.21 -1.46 2.13
0.5 5.07 2.37 -2.05 2.28  
y = 1.5m (Location 11C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 14.85 1.74 1.01 1.57
25 14.22 1.98 0.82 1.90
20 13.84 1.91 0.67 2.22
17 13.65 2.07 0.75 2.18
15 13.38 2.37 0.77 2.32
12 12.64 2.52 0.40 2.07
10 12.39 3.25 0.52 3.47
9 11.84 2.29 0.28 1.96
8 11.52 2.41 -0.05 2.32
6.5 11.09 2.37 -0.11 2.17
5.5 10.41 2.42 -0.19 2.24
5 10.62 2.64 -0.24 2.11
4.5 9.87 2.46 -0.28 2.34
4 9.45 2.66 -0.82 2.33
3.5 9.22 2.48 -0.46 2.33
3 8.39 3.47 -0.65 3.71
2 7.52 2.58 -1.13 3.04
1 6.98 2.43 -2.02 2.61
0.5 5.69 2.46 -2.58 2.53  
 
y = 1.5m (Location 11B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 14.57 1.68 1.14 1.69
25 13.35 1.83 0.67 2.14
20 13.56 2.70 0.88 2.39
17 12.85 2.23 0.70 2.05
15 12.56 2.54 0.66 1.86
12 11.69 2.12 0.54 2.28
10 11.87 2.52 0.18 2.15
9 12.03 2.38 0.49 2.12
8 11.17 2.13 0.35 1.85
7 11.35 2.37 0.25 2.13
6.5 10.06 2.13 0.02 1.93
6 9.95 2.31 0.00 1.92
5.5 10.51 2.35 0.09 2.26
5 9.76 2.19 -0.18 2.21
4.5 9.10 2.27 -0.43 2.17
4 8.49 2.82 -0.15 2.00
3.5 8.81 2.14 -0.33 2.09
3 8.01 2.43 -0.37 2.35






A.2.4.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (without 
Guide Plates) [Continued] 
 
y = 1.25m (Location 12A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.46 1.57 1.03 1.63
25 15.32 1.68 0.75 1.75
20 14.52 1.89 0.84 2.01
17 14.30 1.63 0.52 1.53
15 14.34 1.70 0.39 1.54
12 13.62 1.92 0.29 1.65
10 13.05 2.23 0.14 1.76
9 13.01 2.38 -0.17 1.93
8 12.84 2.12 -0.05 1.75
7 12.30 1.93 -0.27 1.94
6.5 11.73 2.30 -0.43 2.13
6 11.59 2.40 -0.46 2.12
5.5 11.87 2.30 -0.42 2.56
5 10.83 2.73 -0.84 2.40
4.5 10.54 2.22 -0.89 2.20
4 10.62 2.33 -0.77 2.30
3.5 10.23 2.39 -0.65 2.21
3 9.16 2.48 -1.19 2.49
2 8.21 2.33 -1.83 2.39
1 6.98 2.01 -3.10 2.10
0.5 6.25 2.04 -3.48 2.07  
y = 1.25m (Location 12C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.87 1.60 0.63 1.25
25 15.00 1.44 0.71 1.35
20 14.71 1.54 0.62 1.47
17 14.40 1.42 0.60 1.44
15 13.99 1.85 0.55 1.44
12 13.47 1.92 0.26 1.65
10 13.26 1.99 -0.07 1.65
9 12.68 1.97 -0.14 1.87
8 12.58 1.97 -0.25 1.79
7 12.63 2.35 -0.59 2.02
6.5 12.01 2.32 -0.70 2.04
6 11.67 2.40 -0.75 2.18
5.5 11.21 2.15 -0.93 1.90
5 10.81 2.15 -0.97 2.22
4.5 10.48 2.19 -1.14 2.09
4 9.84 2.19 -1.23 2.34
3.5 9.88 2.05 -1.31 2.11
3 9.48 2.59 -1.49 3.06
2 8.14 2.15 -2.23 2.19
1 7.02 1.91 -3.11 2.08
0.5 5.32 1.97 -2.74 1.75  
 
y = 1.25m (Location 12B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.67 1.32 0.76 1.17
25 15.15 1.59 0.86 1.23
20 14.70 1.83 0.74 1.50
17 14.30 1.55 0.62 1.43
15 13.83 1.68 0.48 1.61
12 13.57 1.99 0.63 2.54
10 13.20 2.18 -0.08 1.92
9 12.54 2.09 -0.31 1.86
8 12.42 2.35 -0.38 1.93
7 11.98 2.11 -0.38 1.99
6.5 12.30 2.35 -0.57 2.01
6 11.35 2.17 -0.60 1.98
5.5 11.11 2.02 -0.69 2.03
5 11.32 2.20 -0.90 2.15
4.5 10.56 2.01 -1.09 2.13
4 10.54 2.35 -1.12 2.49
3.5 9.51 2.31 -1.37 2.53
3 9.48 2.18 -1.61 2.15






A.2.4.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (without 
Guide Plates) [Continued] 
 
y = 1m (Location 13A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.58 1.22 0.81 1.29
25 15.09 1.86 0.70 1.46
20 14.45 1.54 0.52 1.85
17 14.37 1.60 0.55 1.46
15 13.74 1.61 0.58 1.44
12 13.38 1.85 0.25 1.96
10 12.76 2.33 0.18 2.21
9 12.63 2.12 -0.27 2.07
8 12.47 2.00 -0.29 1.92
7 12.11 2.22 -0.52 1.94
6.5 11.63 1.98 -0.62 1.73
6 12.13 2.05 -1.01 1.94
5.5 11.46 1.96 -0.87 1.91
5 11.19 2.03 -1.04 2.13
4.5 10.76 2.18 -1.28 2.20
4 10.32 2.10 -1.20 2.08
3.5 9.94 2.20 -1.27 2.15
3 9.23 2.22 -1.73 2.20
2 8.29 1.97 -2.35 2.16
1 6.94 1.64 -3.55 1.91
0.5 4.15 1.88 -2.41 1.50  
y = 1m (Location 13C) 
c u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.75 1.33 0.54 1.07
25 15.37 1.46 0.32 1.35
20 14.43 1.70 0.58 1.41
17 14.24 2.10 0.53 1.91
15 13.81 1.93 0.40 1.91
12 13.57 1.84 0.26 1.69
10 12.94 2.07 -0.10 1.61
9 12.77 2.12 -0.18 1.96
8 12.09 1.91 -0.37 1.99
7 11.86 2.01 -0.58 1.95
6.5 11.38 2.02 -0.62 1.90
6 11.44 2.18 -0.87 2.10
5.5 11.28 2.17 -0.94 2.27
5 11.26 1.99 -1.33 2.00
4.5 10.83 2.12 -1.18 2.15
4 10.64 2.19 -1.36 2.13
3.5 9.89 2.05 -1.52 2.13
3 9.59 2.30 -1.74 2.18
2 8.45 2.04 -2.47 2.05
1 7.09 1.75 -3.80 1.85
0.5 1.86 1.21 -0.93 0.85  
 
y = 1m (Location 13B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.35 1.47 0.50 1.47
25 14.97 1.96 0.50 1.87
20 14.81 1.54 0.60 1.26
17 14.12 1.71 0.41 1.44
15 13.80 1.88 0.60 1.72
12 13.41 1.92 0.36 2.27
10 13.18 1.93 0.06 1.98
9 12.53 2.16 -0.18 2.00
8 12.53 1.98 -0.39 1.88
7 11.94 1.90 -0.58 1.90
6.5 11.66 2.18 -0.86 2.16
6 11.34 2.25 -0.49 2.18
5.5 11.20 1.97 -1.12 1.97
5 10.68 2.02 -1.08 1.93
4.5 10.46 2.22 -1.12 1.98
4 10.48 2.13 -1.37 2.10
3.5 9.93 2.17 -1.39 2.08
3 9.81 2.15 -1.71 2.13






A.2.4.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (without 
Guide Plates) [Continued] 
 
y = 0.75m (Location 14A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.80 1.39 0.26 1.19
25 15.28 1.57 0.33 1.30
20 14.58 1.82 0.22 1.78
15 14.09 1.68 0.24 1.55
12 13.62 1.94 0.32 1.59
10 12.59 2.23 -0.13 1.90
9 12.42 1.93 -0.21 1.95
8 12.32 1.94 -0.30 2.04
7 12.03 2.05 -0.41 2.20
6 11.45 2.09 -0.61 2.22
5 10.84 1.94 -0.81 1.89
4.5 10.84 2.06 -1.15 2.06
4 10.57 2.17 -1.38 1.99
3.5 9.73 2.44 -1.32 2.70
3 9.29 2.37 -1.70 2.34
2 8.16 2.13 -2.45 2.05
1 6.79 2.10 -3.77 2.03
0.5 4.35 2.08 -2.55 1.57
y = 0.75m (Location 14C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.65 1.59 -0.04 1.27
25 14.50 1.91 0.13 1.55
20 12.70 2.52 0.27 2.34
17 13.29 2.23 0.29 1.75
15 12.38 2.15 0.20 2.11
10 11.64 2.42 0.13 2.11
9 11.75 2.04 0.00 1.86
8 11.30 2.43 -0.22 2.04
6.5 11.13 2.25 -0.31 1.97
6 11.27 1.94 -0.60 1.88
5.5 11.14 2.07 -0.68 1.96
5 11.09 2.06 -0.96 1.88
4.5 10.39 1.93 -0.88 1.88
4 9.92 2.04 -0.94 1.98
3 9.21 2.30 -1.75 2.18
2 8.01 2.14 -2.43 2.20
1 6.43 1.94 -3.46 1.73
0.5 3.82 1.76 -1.75 1.29
 
y = 0.75m (Location 14B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 15.67 1.42 0.31 1.27
25 15.01 1.65 0.15 1.53
20 14.30 1.89 0.32 1.61
17 14.14 1.89 0.21 1.89
15 13.45 2.03 0.14 2.03
12 12.90 2.06 0.23 1.74
10 12.91 2.01 -0.10 1.79
9 12.34 2.75 -0.17 2.13
8 11.98 2.12 -0.25 1.96
7 11.86 2.14 -0.29 2.12
6.5 11.68 1.98 -0.44 2.13
6 11.58 2.20 -0.73 2.15
5.5 11.35 1.88 -0.89 2.06
5 10.90 2.18 -0.89 1.93
4.5 10.70 2.08 -1.01 2.05
4 10.44 2.21 -1.16 2.21
3.5 10.06 2.19 -1.36 2.19
3 9.69 2.06 -1.72 2.02







A.2.4.  Flow Over Triangular Bars at Angles of 30° to the Incident Flow (without 
Guide Plates) [Continued] 
 
y = 0.5m (Location 15A) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 14.17 1.75 -0.16 1.33
25 13.03 2.30 -0.07 1.69
20 12.19 2.10 0.36 1.71
17 12.25 2.21 0.33 1.95
15 11.71 2.31 0.26 1.84
12 11.43 3.69 0.26 4.89
8 11.26 2.08 0.06 2.14
6.5 10.65 1.92 -1.04 1.88
6 10.75 2.10 -0.56 2.04
5.5 10.31 2.19 -0.54 1.83
5 10.62 2.03 -0.38 2.14
4.5 10.11 1.90 -0.98 1.90
4 9.85 1.91 -0.96 1.85
3.5 9.41 2.03 -1.18 2.05
3 9.18 2.14 -1.53 2.12
2 7.76 1.91 -2.52 2.00
1 5.75 1.74 -3.02 1.50
0.5 3.35 1.67 -1.87 1.24
y = 0.5m (Location 15C) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 13.10 1.92 -0.30 1.79
25 11.54 1.82 -0.13 1.70
20 11.14 2.25 0.06 1.70
17 11.12 2.01 0.09 1.80
15 11.29 1.99 0.07 1.89
12 10.55 2.02 0.10 1.87
10 10.11 1.85 -0.12 1.83
7 9.93 2.06 -0.51 1.70
6 9.83 2.31 -0.76 1.98
5.5 9.58 2.03 -0.65 1.97
5 9.83 1.97 -0.74 2.00
4.5 9.51 1.91 -0.91 1.93
4 9.13 2.10 -0.79 1.82
3.5 8.99 2.37 -1.29 2.13
3 8.61 2.01 -1.54 1.89
2 7.65 1.95 -2.51 1.94
1 6.08 1.94 -3.64 1.89
0.5 4.23 1.49 -3.23 1.59
 
y = 0.5m (Location 15B) 
z u v 
(cm) (cm/s) (cm/s) (cm/s) (cm/s)
32 13.58 1.79 -0.26 1.40
25 11.80 2.17 0.09 1.79
20 11.93 2.33 0.21 1.73
17 11.41 1.95 0.13 1.73
15 11.41 2.44 0.06 1.75
12 10.81 2.34 0.19 2.01
10 10.66 2.30 0.07 2.07
8 10.71 1.86 -0.18 1.72
7 10.09 2.10 -0.27 2.07
6.5 10.14 2.10 -0.29 2.06
6 10.04 1.86 -0.45 1.91
5.5 9.98 1.94 -0.49 1.87
5 9.91 2.06 -0.81 1.88
4.5 9.82 2.15 -0.84 1.88
4 9.54 2.08 -1.03 1.95
3.5 9.36 2.03 -1.22 1.90
3 9.07 2.23 -1.47 2.09








A.2.5. Resolved Velocity Data Perpendicular to the Triangular Bars (u⊥) for Flow Over 




















































































































































































2 2.99  
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A.2.5.  Resolved Velocity Data Perpendicular to the Triangular Bars (u⊥) for Flow Over 





















































































































































































0.5 0.76  
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A.2.5.  Resolved Velocity Data Perpendicular to the Triangular Bars (u⊥) for Flow Over 

























































































































































































0.5 0.12  
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A.2.5.  Resolved Velocity Data Perpendicular to the Triangular Bars (u⊥) for Flow Over 







































































































































A.2.6. Resolved Velocity Data Parallel to the Triangular Bars (u//) for Flow Over 




















































































































































































2 9.61  
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A.2.6.  Resolved Velocity Data Parallel to the Triangular Bars (u//) for Flow Over 





















































































































































































0.5 5.41  
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A.2.6.  Resolved Velocity Data Parallel to the Triangular Bars (u//) for Flow Over 

























































































































































































0.5 2.08  
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A.2.6.  Resolved Velocity Data Parallel to the Triangular Bars (u//) for Flow Over 










































































































































ESTIMATION OF CURRENT BOUNDARY LAYER THICKNESS 
 
B.1. For Current Flows Over Smooth Glass Bed (Flume Experiments) 
An approximate values for the current boundary layer thickness (δ) are 
estimated using development of boundary layer over a smooth plate by 
Schlichting (1979),  
B.1.1. At 4m downstream the Inlet 
Length (x)  = 4 m  
Free Stream Velocity (u∞)  = 13.33 cm/s 
Kinematic Viscosity (ν)  = 8.01 x 10-7 m2/s (for water 30°C) 
∴Flow Reynolds Number, == ∞ν
xuRx 665.83 x 10
3   (B.1) 
Schlichting (1979) provides: 
=−= − 3.2' )65.0log2( xf Rc 310028.4 −×      (B.2) 










         (B.3) 
ρ
τ 0
* =u          (B.4) 
∴ =*u  0.598 cm/s 
From Table 21.1 Schlichting (1979) : 
=× −3* 10ν
δu 0.709 
∴The current boundary layer thickness (δc) = 9.5 cm  ;    ≈cδ3
2 6.3 cm 
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B.1.2. At 5m downstream the Inlet 
Length (x)  = 5 m  
Free Stream Velocity (u∞)  = 13.33 cm/s 
Kinematic Viscosity (ν)  = 8.01 x 10-7 m2/s (for water 30°C) 
From Eq. B.1, xR = 832.29 x 10
3 
From Eq. B.2, 'fc  = 3.87 x 10
-3 
From Eq. B.3, 0τ  = 0.344 N/m2 
From Eq. B.4, *u  = 0.587 cm/s 
From Table 21.1 Schlichting (1979) : =× −3* 10ν
δu 0.87 
∴δc = 11.87 cm ;  ≈cδ3
2  7.91 cm 
 
B.1.3. At 6m downstream the Inlet 
Length (x)  = 6 m 
Free Stream Velocity (u∞)  = 13.33 cm/s 
Kinematic Viscosity (ν)  = 8.01 x 10-7 m2/s (for water 30°C) 
From Eq. B.1, xR = 998.75 x 10
3 
From Eq. B.2, 'fc  = 3.746 x 10
-3 
From Eq. B.3, 0τ  = 0.333 N/m2 
From Eq. B.4, *u  = 0.577 cm/s 
From Table 21.1 Schlichting (1979) : =× −3* 10ν
δu 0.994 
∴δc = 13.8 cm  ;    ≈cδ3
2 9.2 cm 
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B.2. For Current Flows Over Gravel Bed (Flume Experiments) 
B.2.1. Using the equivalent Nikuradse sand grain roughness (kn) equals to gravel 
diameter (d) 
An approximate values for the current boundary layer thickness (δ) are 
estimated using development of boundary layer over a rough plate by Schlichting 
(1979)  
a. At 1m downstream from the starting location of the gravel bed 
Gravel diameter (d)  =  6mm 
∴ Equivalent Nikuradse sand grain roughness (kn) = 6mm 
Length (x)   = 1 m 
Free Stream Velocity (u∞)   = 13.33 cm/s 
Kinematic Viscosity (ν)   = 8.01 x 10-7 m2/s (for water 30°C) 
From Eq. B.1, xR   = 166.46 x 10
3  














xc =9.72 x 10-3     (B.5) 
From Eq. B.3 and B.4. 
*u    = 0.93 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) = 6.2 cm 
≈cδ3




b. At 2m downstream from the starting location of the gravel bed 
x = 2 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
From Eq. B.1, xR  = 332.92 x 10
3  
From Eq. B.5, 'fc   = 8.12 x 10
-3 
From Eq. B.3 and B.4, *u   = 0.85 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =10.63 cm ;   ≈cδ3
2 7.1 cm 
 
c. At 3m downstream from the starting location of the gravel bed 
x = 3 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
From Eq. B.1, xR  = 499.38 x 10
3  
From Eq. B.5, 'fc   =7.36 x 10
-3 
From Eq. B.3 and B.4, *u   = 0.809 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =14.64 cm ;   ≈cδ3
2 9.8 cm 
 
B.2.2. Assuming equivalent Nikuradse sand grain roughness (kn) = 30z0c  
The current boundary layer thickness (δc) is estimated assuming the 
equivalent Nikuradse sand grain roughness (kn) = 30z0c, where z0c is the bed 
roughness experienced by the current flow. 
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a. At 1m downstream from the starting location of the gravel bed 
x = 1 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.041 (Table 4.3) 
    = 1.221 cm 
From Eq. B.1, xR  = 164.61 x 10
3  
From Eq. B.5, 'fc   =11.86 x 10
-3 
From Eq. B.3 and B.4, *u   = 1.027 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =7.33 cm ;   ≈cδ3
2 5 cm 
 
b. At 2m downstream from the starting location of the gravel bed 
x = 2 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.041 (Table 4.3) 
    = 1.221 cm 
From Eq. B.1, xR  = 329.22 x 10
3  
From Eq. B.5, 'fc   = 9.77 x 10
-3 
From Eq. B.3 and B.4, *u   = 0.932 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) = 12.45 cm ;   ≈cδ3
2 8.3 cm 
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c. At 3m downstream from the starting location of the gravel bed 
x = 3 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.041 (Table 4.3) 
    = 1.221 cm 
From Eq. B.1, xR  = 493.83 x 10
3  
From Eq. B.5, 'fc   = 8.78 x 10
-3 
From Eq. B.3 and B.4, *u   = 0.883 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) = 17.04;   ≈cδ3
2 11.4cm 
 
B.3. For flow in direction perpendicular to triangular bars (Flume Experiments) 
The current boundary layer thickness (δc) is estimated assuming the 
equivalent Nikuradse sand grain roughness (kn) = 30z0c, where z0c is the bed 
roughness experienced by the current flow. 
B.3.1. At 2m downstream from the starting location of the roughness elements 
(5m downstream from the inlet) 
x = 2 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.622 (Table 4.5) 
    = 18.67 cm 
From Eq. B.1, xR  = 329.22 x 10
3  
From Eq. B.5, 'fc   = 23.3 x 10
-3 
From Eq. B.3 and B.4, *u   = 1.44 cm/s 
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Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =25.3 cm ;   ≈cδ3
2 16.9 cm 
 
B.3.2. At 3m downstream from the starting location of the roughness elements 
(6m downstream from the inlet) 
x = 3 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.622 (Table 4.5) 
    = 18.67 cm 
From Eq. B.1, xR  = 493.83 x 10
3  
From Eq. B.5, 'fc   = 20.06 x 10
-3 
From Eq. B.3 and B.4, *u   = 1.34 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =33.8 cm ;   ≈cδ3
2 22.5 cm 
 
B.4. For flow over triangular bars aligned perpendicular to the flow with gravel 
placed between the bars (Flume Experiments) 
The current boundary layer thickness (δc) is estimated assuming the 
equivalent Nikuradse sand grain roughness (kn) = 30z0c, where z0c is the bed 
roughness experienced by the current flow. 
B.4.1. At 2m downstream from the starting location of the roughness elements 
(5m downstream from the inlet) 
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x = 2 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.42 (Table 4.7) 
    = 12.59 cm 
From Eq. B.1, xR  = 329.22 x 10
3  
From Eq. B.5, 'fc   = 20.1 x 10
-3 
From Eq. B.3 and B.4, *u   = 1.34 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =22.57 cm ;   ≈cδ3
2 15 cm 
 
B.4.2. At 3m downstream from the starting location of the roughness elements 
(6m downstream from the inlet) 
x = 2 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.42 (Table 4.7) 
    = 12.59 cm 
From Eq. B.1, xR  = 493.83 x 10
3  
From Eq. B.5, 'fc   = 17.5 x 10
-3 
From Eq. B.3 and B.4, *u   = 1.25 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =30.25 cm ;   ≈cδ3
2 20 cm 
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B.5. For flow in direction parallel to triangular bars (Flume Experiments) 
The current boundary layer thickness (δc) is estimated assuming the 
equivalent Nikuradse sand grain roughness (kn) = 30z0c, where z0c is the bed 
roughness experienced by the current flow. 
B.5.1. At 1m downstream from the starting location of the roughness elements 
(4m downstream from the inlet) 
x = 1 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.079 (Table 4.10) 
    = 2.37 cm 
From Eq. B.1, xR  = 164.61 x 10
3  
From Eq. B.5, 'fc   = 14.5 x 10
-3 
From Eq. B.3 and B.4, *u   = 1.14 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =8.66 cm ;   ≈cδ3
2  5.8 cm 
 
B.5.2. At 2m downstream from the starting location of the roughness elements 
(5m downstream from the inlet) 
x = 3 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.079 (Table 4.10) 
    = 2.37 cm 
From Eq. B.1, xR  = 329.22 x 10
3  
From Eq. B.5, 'fc   = 11.8 x 10
-3 
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From Eq. B.3 and B.4, *u   = 1.02 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =14.56 cm ;   ≈cδ3
2  9.7 cm 
 
B.5.3. At 3m downstream from the starting location of the roughness elements 
(6m downstream from the inlet) 
x = 3 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.079 (Table 4.10) 
    = 2.37 cm 
From Eq. B.1, xR  = 493.83 x 10
3  
From Eq. B.5, 'fc   = 10.5 x 10
-3 
From Eq. B.3 and B.4, *u   = 0.97 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =19.82 cm ;   ≈cδ3
2  13.2 cm 
 
B.6. For  flow over triangular bars aligned parallel to the flow with gravel placed 
between the bars (Flume Experiments) 
The current boundary layer thickness (δc) is estimated assuming the 
equivalent Nikuradse sand grain roughness (kn) = 30z0c, where z0c is the bed 
roughness experienced by the current flow. 
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B.6.1. At 1m downstream from the starting location of the roughness elements 
(4m downstream from the inlet) 
x = 1 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.082 (Table 4.13) 
    = 2.46 cm 
From Eq. B.1, xR  = 164.61 x 10
3  
From Eq. B.5, 'fc   = 14.7 x 10
-3 
From Eq. B.3 and B.4, *u   = 1.142 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =8.75 cm ;   ≈cδ3
2  5.8 cm 
 
B.6.2. At 2m downstream from the starting location of the roughness elements 
(5m downstream from the inlet) 
x = 3 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.082 (Table 4.13) 
    = 2.46 cm 
From Eq. B.1, xR  = 329.22 x 10
3  
From Eq. B.5, 'fc   = 11.9 x 10
-3 
From Eq. B.3 and B.4, *u   = 1.03 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
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The boundary layer thickness (δc) =14.7 cm ;   ≈cδ3
2  9.8 cm 
 
B.6.3. At 3m downstream from the starting location of the roughness elements 
(6m downstream from the inlet) 
x = 3 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.082 (Table 4.13) 
    = 2.46 cm 
From Eq. B.1, xR  = 493.83 x 10
3  
From Eq. B.5, 'fc   = 10.6 x 10
-3 
From Eq. B.3 and B.4, *u   = 0.97 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =20 cm ;   ≈cδ3
2  13.3 cm 
 
B.7. For flow over roughness bars at 30° angle to the flow with guide plates 
(Basin Experiments) 
B.7.1. At 3m downstream from the inlet 
x = 3 m, u∞ = 11.25 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.056 (Table 4.16) 
    = 1.67 cm 
From Eq. B.1, xR  = 416.67 x 10
3  
From Eq. B.5, 'fc   = 9.53 x 10
-3 
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From Eq. B.3 and B.4, *u   = 0.776 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =18.28 cm ;   ≈cδ3
2  12.2 cm 
 
B.7.2. At 4m downstream from the inlet 
x = 4 m, u∞ = 11.25 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.056 (Table 4.16) 
    = 1.67 cm 
From Eq. B.1, xR  = 555.56 x 10
3  
From Eq. B.5, 'fc   = 8.84 x 10
-3 
From Eq. B.3 and B.4, *u   = 0.748 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =22.86 cm ;   ≈cδ3
2  15.2 cm 
 
B.7.3. At 5m downstream from the inlet 
x = 5 m, u∞ = 11.25 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.056 (Table 4.16) 
    = 1.67 cm 
From Eq. B.1, xR  = 694.44 x 10
3  
From Eq. B.5, 'fc   = 8.35 x 10
-3 
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From Eq. B.3 and B.4, *u   = 0.73 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =27.2 cm ;   ≈cδ3
2  18.1 cm 
 
B.8. For flow over roughness bars at 30° angle to the flow without guide plates 
(Basin Experiments) 
B.8.1. At 4m downstream from the inlet 
x = 4 m, u∞ = 11.25 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.0782 (Table 4.24) 
    = 2.34 cm 
From Eq. B.1, xR  = 555.56 x 10
3  
From Eq. B.5, 'fc   = 9.66 x 10
-3 
From Eq. B.3 and B.4, *u   = 0.782 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =24.66 cm ;   ≈cδ3
2  16.4 cm 
 
B.8.2. At 5m downstream from the inlet 
x = 5 m, u∞ = 13.33 cm/s, ν = 8.01 x 10-7 m2/s 
∴ Equivalent Nikuradse sand grain roughness (kn)  = 30 x 0.056 (Table 4.24) 
    = 2.34 cm 
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From Eq. B.1, xR  = 694.44 x 10
3  
From Eq. B.5, 'fc   = 9.11 x 10
-3 
From Eq. B.3 and B.4, *u   = 0.76 cm/s 
Assuming the current velocity, u = u∞ at edge of the boundary layer (z = δ) and 
applying these values in Eq. 2.10 
The boundary layer thickness (δc) =29.32 cm ;   ≈cδ3
2  19.5 cm 
 
 
 
 
 
 
 
 
 
